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There is currently high demand on the materials joining involving lap configuration of different 
thicknesses and sizes in most industrial sectors such as, aerospace, shipbuilding, marine, 
manufacturing, automobile, aeronautic, railways etc. in which friction stir spot welding actively 
involved. In the past, industries have been engaging the services of riveting and bolting for such 
lap joining and which are not effective and as such not reliable because of stress concentration at 
the joints. Friction stir spot welding is a novel joining technique which relies on heat generated by 
friction to create a sound welded joint. However, the structural integrity of the joint produced is 
influenced by the process parameters and materials employed. Hence, this study investigated the 
effect of selected parameters (rotational speed (600-1200 rpm and dwell time (5-15 s)) on the 
microstructure and mechanical properties of 5058-H116 Al alloy, FSSW lap joints. The 
understanding of the structural integrity of the produced joint drives the industrial reliance on the 
application of this joining process. In this study, a cylindrical tapered, H13 hot working steel tool 
with a probe length of 5 mm, probe diameter of 6 mm and a shoulder diameter of 18 mm was 
employed and the tool plunge rate was maintained at 30 mm/min in all trials. Joints produced were 
subjected to microstructural examination using optical microscope and scanning electron 
microscope. This research will focus on the characterizations of FSSW fabricated materials and 
carry out a study on the integrity of the produced welds. The characterizations will  include 
mechanical properties by studying tensile and hardness properties, structural integrity via XRD, 
electrochemical behaviour by studying corrosion properties and metallurgical analysis of the 
fabricated samples were investigated using an optical microscope (OM) and Scanning electron 
microscope (SEM) to analyze microstructure, fractographic examination, and macrograph of the 
spot welds, X-ray diffraction (XRD) was employed to evaluate the crystallite size and phases 
present in the parent and the welded samples. X-ray fluorescence (XRF) is a non-destructive 
analytical method used in determining the materials' chemical compositions and while the 
elemental composition was captured with Energy dispersive X-ray (EDX). It was revealed that the 
lowest corrosion rate was obtained at 900 rpm, 15 s welding parameters with 0.0876 mm/year as 
compared with the base metal which was 4.5518 mm/year and this produced a polarization 
resistance of 2240.70 Ω and 43.23 Ω respectively. It was further established that the peak intensity 
at 600 rpm, 15s dwell time, was 3600 cps which is higher than the 2130 cps of base-metal. This 
means that friction stir spot welding of the AA5083 material has had a substantial effect, with a 
vii 
peak strength rise of about 40.8 percent at 600 rpm, at a welding time of 15 seconds. The peak 
intensity was found to be 5400 cps, at 1200 rpm, 15 s dwell time. This was lower than the reported 
peak intensity at 900 rpm which was 6300 cps. This further confirms that at 900 rpm the best 
process parameter was achieved. The highest hardness was obtained at the SZ of the welded area. 
It was noticed that the highest hardness values were obtained at the rotational speed of 900 rpm 
with average hardness values at the stir zone (SZ) at 5s, 10s and 15s to be 112.36 Hv, 112.12 Hv 
and 112.62 Hv respectively. It was also noticed that at 600 rpm, the average Vickers hardness 
values at SZ are 108.32 Hv, 107.66 Hv, and 106.80 Hv which corresponds to 5s, 10s, and 15s, 
respectively. The hardness values at this process parameter, 600 rpm were higher than those 
obtained at SZ of 1200 rpm which are 104.54 Hv, 105.22 Hv and 105.34 Hv which were obtained 
at 5s, 10s and 15s welding time, respectively.  It was established that the values of the tensile shear 
strength (TSS) and tensile yield strength (TYS) and the fracture force (FF) were determined for 
the welded samples during the tensile test. FF that was recorded at 900 rpm at 5 sec, 10 sec as well 
as 15 seconds correspond to 12.65, 13.02, and 13.17 kN respectively and this produced tensile 
shear strength, TSS of 351.62 MPa, 361.70 MPa as well as 365.84 MPa respectively. At this point, 
their tensile yield strength (TYS) generated 274.70 MPa, 266.86 MPa and 273.93 MPa with 
corresponding elongations of 11.18 %, 12.61 % and 16.67 % and this was the highest values 
produced during the spot welds. The TSS produced at 900 rpm are all higher than the UTS of the 
BM which is 351.62 MPa, 361.70 MPa and 365.84 MPa as against 317 MPa of the BM and this 
may be attributed to the efficacy of the effective and homogenous stirring of the zones at that 
parameters 
Keywords: Aluminium alloy, corrosion, crystallite size, fracture force, friction stir spot welding, 
tensile shear strength, tensile yield strength 
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GLOSSARY OF TERMS 
A: 
Advancing side: Is the side of the weld or processed samples where the plasticized 
material is drawn, which is the location at which solid materials 
begin to transform into semi-solid and it will then flow around the 
tool pin that is plunged into the materials. 
 
Alloy: A substance that consists of metallic bonding behaviour which 
comprises of two or more chemical elements such that at least one 
must be metal 
Alloying element: An element that is added to molten metal to improve its material's 
mechanical properties and structure. 
Anodic reaction: This is the process whereby metal is oxidized thereby releasing 
electrons into the metal. 
B: 
Backing plate: This is a layered plate that is placed beneath the material to be 
processed. It gives the surface a rigid clamping as well opposes the 
vertical downward force on the materials, at the same time protect 
the machine bed.   
Base Metal: This is a common nonferrous metal that contains no iron and is not 
considered expensive and precious. 




Butt weld: Is a kind of weld in which two pieces of materials usually metals to 
be welded are in the same plane without overlapping.  
 
C: 
Chemical analysis: This is the study of the chemical characteristics or composition of a 
material. 
Clamping System: This is a device that is used to hold workpiece rigidly to a location 
whereby avoiding moving and slipping of the workpiece during the 
application of forces in spot welding. 
Corrosion: a process by which a material especially metal is slowly deteriorated 
by rain, rust or acidic water, chemical and/or electrochemical 
processes by interacting with the environment.  
Corrosion current: Is that current that flowed during an electrochemical cell reaction 
leading to corrosion formation.   
Corrosion inhibitor: This is a chemical compound that can either be an organic or 
inorganic substance that significantly reduces corrosion rate when 
added in a minute quantity to increase service life. 
Corrosion Potential: A corrosion parameter which helps to detect and estimate any 
corrosion damage that has already occurred on the surface of a 




Corrosion rate: The rate at which a metal depreciates in a definite environment 
governed by the environmental conditions as well as the metal used. 
Corrosion resistance: refers to the degree of resistance offered by a material (usually 
metal) to withstand adverse conditions induced by oxidization or 
other chemical reactions that can corrode the metal.  
Counter electrode: This is also known as (auxiliary electrode) and this was designed to 
close the current circuit in the electrochemical cell. This electrode 
comes in the form of inert materials such as graphite, platinum, 
glassy carbon, and gold). This electrode does not involve in the 
electrochemical reaction.     
Current density – is the amount of electric current that flows via a unit cross-sectional 
area of a material.  
D: 
Defect: This is imperfection or misalignment that occur during weld that 
renders the welded parts unsuitable to meet up acceptable standards 
of the design specifications for market values. 
Deformation: This is a variation or malformation in the form of geometry usually, 
the shape and size of a body as a result of force or stress applied. 
Dissertation: An extensively documented study on a special topic specially 
carried out in a tertiary degree. Usually used for master’s project. 




Dwell time:  This is a short time spent at a spot during welding that led toheat 
generation and caused the material to be deformed plastically. 
E: 
Elastic deformation: This is a temporary change in the shape, size, and forms that is 
recoverable when an applied load has been removed.   
Elongation: This is the extent to which a material is compressed or stretched 
during mechanical testing before fracture.  
% Elongation: is the percentage increase in the gauge (original) length during the 
tensile testing that results in ductility. 
Engineering strain: This is a dimensionless or unitless value and is the ratio of material 




Engineering stress: It is the normal stress, expressed as the ratio of applied load, F, to 
the original cross-sectional area, Ao; that is, Ѕ = 𝐹 Ao⁄  
Etchant: It is mordant used in etching to reveal structural and microstructural 
details 
Etching: This is a metallographic technique used to reveal microstructural 
details.    
Exit hole: A hole that was created at the centre of the weld when welding tool 
is withdrawn during friction stir spot welding or at created at the end 




Failure: A breakdown of an object usually metal, plastic, or concrete due to 
some factors that hindered the strength, chemical composition, and 
stability of the object’s structure. Material failure can either be a 
brittle failure (fracture) or ductile failure (yield).  
Fusion Welding: Is the welding that involved melting of filler materials with the 
parent materials of close compositions and melting points.  
Fractography: is the mechanism of analysing fractured surfaces of materials. It is a 
method used to examine the effect of failure in any engineering 
materials or structures in most, especially in the product failure 
thereby employing the practice of failure analysis or forensic 
engineering.  
Fracture: Is the separation of a material into two or more pieces usually under 
the effect of stress.  
Friction: The resistance of motion of one object over the other. 
Friction stir lap weld:  This is a variant of friction stir welding in which the metals to be 
welded are lapping over each other and result into lap configuration 
type of weld 
Friction Stir Spot Welding: A welding process in which a spot joint called a weld is made at the 
centre of the welding due to friction between overlapping materials 
generating a keyhole characteristic.  
G: 
Grain:    This is an Individual particle size (crystallite size) in metals 
Grain growth:  This is simply increasing in size of grains due to high temperature  
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Grain size: this is also known as particle size and it is a measure of individual 
crystallite size. 
Grain boundary:  Is a connection across two grains, or crystallites, where lattice 
configuration switches from grain orientation to other grain 
orientation. 
Grinding: This is a metal removal technique in which material is being 
removed from the surface of a workpiece through a grinding wheel 
or abrasive grindings papers.  
 
H: 
Hardness: This is a resistance offered by a material to plastic deformation, 
penetration or indentation via scratching, drilling, wear and or 
abrasion.  
Hardness test: Are the measures of resistance of a material to indentation, 
penetration or deformation using wear, abrasion, scratching, 
drilling, impact, or sharp object 
Heat-Affected Zone: The part of either the base metal or a non-melted thermoplastic 
component whose mechanical properties are modified by welding 
heat or energy-intensive cutting operations. 
Homogeneous: A chemical structure and physical condition of any small portion of 
the body, and that is the same as any other part. 
Hot-working:  The process in which metals deform plastically above their 




Indentation hardness: The hardness obtained by pressing an indenter into the surface of a 
material. 
Inhibitor: is a substance or an agent when added reduces, slows, suppresses, 
or lower the activity of a particular reactant such as lowering the 
corrosion rate of metal or an alloy.  
Intensity region: Welded substrate boundary showing the pin location and shoulder 
diameter during welding technique. 
Intermetallic compounds: It includes any solid material, consisting of a substantial amount 
from two or more metal atoms that have a precise composition and 
distinct from those of its parental materials. 
J: 
Joint efficiency: Typically measured in terms of the performance ratio of a 
component to the intensity of the base metal. 
 
K: 
Keyhole: This is an exit hole left behind after the retraction of the non-
consumable rotating tool during friction stir spot welding. 
 
L: 
Lap joint: The joint made by placing one metal or material over the other by 
making them overlap. The overlapping joint can be made as a single 





Macrograph: Magnification of graph reproduction of specimen surface of not 
more than 25x. 
Magnification: The ratio of the length of the line in the image plane to the length of 
line on the material. 
Mechanical properties: The attributes of a component specifying desirable mechanical 
requirements which reveal its elastic or inelastic nature when 
applying force. 
Mechanical testing:  The determination of mechanical properties 
Metallographic Exam: Is sample planning for forensic examination and microstructure 
experiment concerning the physiological and mechanical 
characteristics of a particular material. A mechanism of etching will 
reveal the metal's microstructure. 
Microstructure: The structure of a formulated metal surface as confirmed at a 
specific magnification by a microscope. 
 
O: 
Onion ring: These are elliptical rings formed in the weld zone due to stirring and 
movement of the material 
Optical microscope: An optical is a light optical microscope (OM) that uses visible light 
as well as a system of lenses to magnify images of small samples. 
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OM is designated to produce magnified photographic images as well 
as visual images of small objects. 
Oxidation:  Is a process whereby a substance absorbs oxygen from the air. 
P: 
Parameter: The lowest and highest variables that characterize a parameter's 
operating range. 
Parent material: This is the sheet metal rolled plate as supplied in its manufactured 
form. 
Plastic deformation: This is a distortion of materials or permanent deformation of 
material developed as a result of sufficient load or stress which may 
lead to a permanent change in the size of material without fracture 
or in shape after the release of load or stress that caused it.  
Plasticity: This is the propensity of a material to undergo flexibility to be 
changed into a new form, which is irreversible deformation of a 
material.  
Plunge depth: This is the highest depth that the welding tool shoulder can penetrate 
into the materials during friction stir welding or processing 
operations.   
Porosity (Void fraction): A rounded, or elongated cavity created during cool-down or 
solidification by gas trapping, i.e. measurement of void spaces in a 
material. 
Pressure plates: These are plates that are placed above the material to be welded. It 
gives the substrate (material) a rigid clamping as well opposes the 
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vertical downward force on the materials, at the same time protect 
the machine bed.   
 
R: 
Recrystallization: A transition from one crystal structure to another, including when 
heated and/or cooled, by a critical temperature. 
Reference electrode: A reference electrode is an electrode type that has both a more well-
known and sustainable potential for an electrode. 
Residual stress: Are stresses in a body that is at rest, in balance, and at a standardised 
temperature, and will continue to exist in solid materials after 
removal of the ultimate cause of stress. 




SEM: An electron microscope wherein the image is created by a beam 
working at the same time as the object being scanned by an electron 
probe. 
Solid phase: A theoretically monolithic and distinct component of a solid-state 
product process 
Spindle speed: This is also known as rotational speed, the velocity of the working 
holding device (chuck) is evaluated in revolution per minute. 
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Spindle torque: The spindle torque needed to turn the FSSW device within and 
around the workpiece in the welding zone (Nm) 
Stress: This is the load introduced to a substrate; and it tends to create 
elongation that is resisted by the internal forces established within 
the components, which are called stresses. The stress intensity is 
predicted as the force on the cross-section area of the unit, namely: 
as Newton per square meter or as Pascal. 
Stir Zone: The optimally recrystallized zone is also known as this.  It is a zone 
of severely deformed material that, during welding. 
Substrate: is the base material on which welding is conducted to produce new 
materials such as metal matrix and hybrid composites 
 
T: 
TMAZ: TMAZ is known as Thermomechanical Affected Zone, is an area 
within the welded zone that has undergone plastic deformation as a 
result of heat generated. 
Tool: This is a non-consumable rotating object that was fixed on the FSW 
machine to perform the spot weld.  
Tool Geometry: This is a designed shape of the tool that was fixed on the tool jaw to 
give rigidity to the rotating tool during FSSW operation. 
Tool Shoulder:   Shoulder of the tool which rotates and used at the FSSW process  
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Tool pin: This is the probe that is used to penetrate the workpiece during the 
plunging stage of the welding operation.  
Tool plunge: Is a way of enforcing the tool into the substate at the start of the 
weld.  
Traverse speed: This can also be referred to as feed rate or welding speed; it is the 
speed at which the rotating FSP is translated along the joint line 
(mm/min).  
V: 
Vickers’ hardness number: This is a proportion attributed to the load applied by a square-based 
pyramid diamond indenter and the surface area of the permanent 
impression. 
Void: The space around particulates or gains that exists. The vacuum is 
normally associated with faults in manufacturing or welding. 
 
U: 
Ultimate tensile strength: This is the optimum stress a material can endure until failing or 
breaking while being stretched or pulled. This happens after yield 
in the plastic region of stress-strain curves. 
 
W: 
Waterjet Cutter: This is also regarded as a water jet or waterjet; it is a manufacturing 
instrument that can cut a wide variety of applications using a very 
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elevated-pressure water jet, or a mixture of water and an abrasive 
substance 
Welding: The joining method, in which components are allowed under the 
combined action of heat and pressure to form metallurgical bonds. 
Working Electrode– Is the electrode on which the reaction of interest occurs in an 
electrochemical process. 
Worn holes– A flaw in welding or processing of FS, typically on the 
advancing side of the rotating device caused by a lack of mixing or 
re-bonding of the plasticized material. 




Yield Strength– The yield point is that point on a stress-strain curve which reveals 
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1.1 Background of the Study 
 
Friction stir spot welding (FSSW) is a technology that took its variance from friction stir welding 
(FSW) that produces its welded joints by plunging a fabricated non-consumable rotating tool 
composing a shoulder as well as a probe into two-lap plates in which its dwell for some seconds 
and then retracting the rotating tool leaving a keyhole at the centre of the spot [1], [2]. The 
penetration of the tool shoulder is proportional to the total thickness of the lap materials and the 
pin length. The shoulder diameter and the probe play distinct roles during FSSW because the 
shoulder diameter of the tool first meets the surface of the upper plate just after the pin penetration 
enters the second plates beneath. It will be noticed that both the probe and the shoulder tool will 
generate intense heat and pressure which will lead to plastic deformation of the materials under 
investigation and subsequently a welded joint is achieved and the two-lap plates become an entity 
[3].  Aside from the role of non-consumable welding tool, several other factors influenced the 
integrity of the welds produced, the dwell time plays a cogent role during FSSW, tool plunge 
depth, and tool rotational speed play major roles during FSSW. The role of travel or traverse speed 
during FSSW was never noticed since there was no movement of the welding tools during FSSW, 
it was only dwelled at a spot and then retracted. Figure 1.1 shows the schematic illustration of 




Figure 1. 1:Schematic illustration of FSSW technique [2], [4] 
The careful selection of the parameters determines the strength as well as the surface integrity of 
the welded joints. Inappropriate selection of welding parameters may lead to voids, hook, onion 
rings as well as bonding ligament during FSSW[5]. Five different zones can be derived during the 
microstructural analysis of the weld produced via FSSW, the zones are the Stir Zone (SZ), the 
Heat Affected Zone (HAZ), the Hook, thermomechanically Affected Zone (TMAZ), as well as 
Parent Material (PM) which is the material that has not experienced deformation or heat which is 
remote from welded joint [6]. These zones produced during the typical FSSW has been illustrated 
in Figure 1.2. 
 
Recently a new solid-state welding technique, friction stir spot welding was developed at the 
discovery of an extension of friction stir welding (FSW) for joining aluminium alloys and other 
metallic alloys. Since friction stir spot welding process is a solid-state welding process no 
compressed air and coolant is needed because it welded within some seconds (dwell time). Also, 
Figure 1. 2: Illustration showing different zones produced during a typical friction stir spot weld [6] 
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power consumption is less in the process compared to resistant-spot welding which consumed a 
high volume of electricity. FSSW joints have higher and better corrosion resistance, less residual 
stress, lower distortion, and better fatigue life. FSSW has no traverse movement after plunging a 
rotating non-consumable tool into the workpiece [7].  There are two major rotating non-
consumable tools used in FSSW, which are, (1) pin (2) shoulder. 
(1) Pin - in FSSW process the pin is designed to disrupt the faying surface of the workpiece   
and transport the materials around which produce deformation and friction heat in the 
workpiece. 
(2)  Tool shoulder- this produces most of the frictional heat to the surface and subsurface  
region of the workpiece. The following benefits [8] can be derived from FSSW applications  
Metallurgical benefits of FSSW 
1) Good dimensional stability  
2) Excellent mechanical properties in the joint  
3) Solid-phase – process  
4) Fine recrystallized microstructure 
5) Low distortion  
Environment benefits of FSSW 
1) No harmful emission  
2) Minimal surface cleaning required  
3) Eliminate grinding waste  
4) No shielding gas required  
Energy benefit of FSSW 
1) Decrease fuel consumption in lightweight aircraft, automotive, etc.  




1.2  Refill Friction Stir Spot Welding 
 
Friction stir spot welding (FSSW) can be categorized into three, the refill FSSW, the swing FSSW 
as well as the conventional FSSW.  The variance of FSSW can be adopted to eliminate defects 
created by FSSW which is the keyhole that was left at the centre of the weld. Notwithstanding, 
there are several other means in which the defect can be eliminated using the process of FSSW 
which is more of adopted techniques to ensure that the desired result of the FSSW process is 
achieved. In addition to the above categories of FSSW, the following methods can be used to 
remove the keyhole problems created by FSSW. The methods are self-refilling friction stir welding 
(SRFSW), Friction tapper plug welding (FTPW), Refill friction stir spot welding (RFSSW), 
Friction hydro pillar processing (FHPP), Intermediate layer friction stir spot welding (IL-FSSW). 
These belong to any of the following division: autoadjustable pin method, the pinless FSSW, the 
use of the non-consumable and semi-consumable tools as well as, the use of friction plug welding. 
The method of keyhole removal during FSSW has proved to be effective and efficient since all the 
produced welds are said to have excellent mechanical properties, electrochemical properties as 
well as metallurgical properties than the initial FSSW joints [1], [8]. Figure 1.3 represents the basic 




Figure 1. 3: illustration of refilling technique of FSSW [8] 
 
FSSW was established to compete reasonably with the riveting, bolting, adhesive bonding as well 
as resistance spot welding (RSW) which have been used in the past for lap joining in automobile, 
aerospace, marine, railways, defence and shipbuilding industries. The use of these ancient joining 
techniques has led to increasing material cost, installation labour, and additional weight in the 
aircraft, shipbuilding, and other areas of applications.  All these are disadvantages that can be 
overcome using FSSW. FSSW has been utilized in spot welding of the following metals and its 
alloys, among which are aluminium and its alloys, copper and its alloys, titanium and its alloys, 
lead, zinc, mild steel, nickel alloys, stainless steel. In recent years, the applications have found 
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their ways into non-metallic components such as plastic and ceramics. There are lots of benefits 
that FSSW can provide as against other riveting or bolting counterparts [4], [9]:  
(1) The resistance to corrosion is higher in the joints produced by FSSW because there will be an 
absence of other elements and electrochemical potential that may likely affect the growth  
(2) The produced joints are stronger and reliable because of the permanently welded joints 
produced  
(3) In FSSW there is no protrusion 
 (4) Leakages are eliminated during FSSW  
(5) Repairs are also possible on FSSW welded components  
(6) The load capacity is higher in FSSW components as compared to other ancient techniques  
 
1.3 Problem statement 
 
There is currently high demand on the materials joining involving lap configuration of different 
thicknesses and sizes in most industrial sectors such as marine, manufacturing, automobile, 
aeronautic, railways etc. in which friction stir spot welding actively involved. In the past, industries 
have been engaging the services of riveting and bolting for such lap joining and which are not 
effective and as such not reliable because of stress concentration at the joints. Another technology 
engaged for lap joining has been fusion welding, in this technique; the infusion of enormous heat 
altered the properties of the materials being welded and is not suitable for thin materials. Friction 
stir spot welding (FSSW) has a great advantage compared to fusion or arc welding process 
problems such as solid solidification, cracking, porosity is eliminated during the FSSW process 
because of its solid-state nature. Both FSSW and FSW process display the presence of deformation 
and microstructure differences in their weld zone, including the nugget zone (NZ) the 
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thermomechanically affected zone (TMAZ), etc.   This research will focus on the characterizations 
of FSSW fabricated materials and carry out a study on the integrity of the produced welds. 
Therefore, weld parameters such as rotational speed and dwell time will also be studied in the 
research to understand the properties of FSSW sound weld which on the other hand, the resulting 
weld integrity will have to be fully analyzed.  
 
1.4 Aim of the study 
This research work aims to properly analyze the properties of the material of the produced friction 
stir spot welds of aluminum alloy 5083 using different process parameters. 
1.5 Objectives of the research 
The aim of this research work will be achieved via the following under-listed specific objectives: 
i. To carry out a detailed literature survey on the current state of friction stir welding and 
friction stir spot welding in general 
ii. To determine the suitable process parameters that will produce the defect-free lap welds of 
AA5083 via friction stir spot welding 
iii. To carry out metallographic examinations of the produced welds 
iv. To characterize the produced welds through: 
a) Mechanical analysis such as tensile strength and microhardness analyses 
b) Electrochemical examination such as corrosion test 
c) Metallurgical Examination using scanning electron microscopy (SEM) for 
morphological and fractographic studies, Optical Microscope (OM), X-ray 
diffraction (XRD) to acquire crystallite size and phase change and to examine 
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structural integrity, and X-ray fluorescence (XRF) for elemental and chemical 
composition.  
v. Draw some reasonable conclusions and recommendations  
 
1.6 Hypothesis 
Aluminium Alloys 5058-H116 plates were friction stir spot welded using different welding 
parameters such as rotational speed and dwell time. The quality assessment was conducted on the 
fabricated samples using different methods. It is expected that materials characterization that will 
be used in this research will dictate the best welding parameters; this is expected to produce welded 
lap joints with high performance during service condition. Mechanical, electrochemical, structural, 
and metallurgical integrities of the welded lap joints were expected to dictate the reliability and 
quality assurance of the welded joints. By understanding how the materials flow during FSSW is 
practically important and essential to achieve optimized welding parameters and obtain high-
efficiency weld materials flow. Optimizing the properties of the material of FSSW of aluminium 
alloy 5083-H116 will give a good insight of the friction stir spot welding process and its 
applications. 
 
1.7 Motivation of the research 
It is a known fact that 5000 series are mostly used in the marine industry and other industries such 
as aerospace, automotive, aviation as well as nuclear power generation. On this note, it is 
imperative to fabricate this series of aluminium that is difficult to weld using conventional means. 
Friction stir spot welding has been identified as one of the best techniques to join this type of 
material that is used in the corrosive environments especially when lap welding will be involved 
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in which riveting, bolting and resistance spot welding have been used in the past which added to 
the weight and materials cost. Hence, the integrities of the fabricated joints are examined via 




1.8 Significant of the research 
This research will add value in the research field FSSW since it is to our best knowledge that 
friction stir spot welding of similar alloys has not been fully researched. In general, this research 
work will field accurate information on FSSW shape, dimension, and parameters, during the 
investigating of FSSW of aluminium alloy. This research provides a comprehensive 
characterization and statistical analysis of the effect of welding parameters on the fabricated 
materials. The research is expected to contribute and widen research studies on friction stir spot 
welding in academia and industries. This will further contribute to solving part of the problems 
currently experienced in most of the industrial sectors that require lap welding of aluminium alloy. 
New insights and discoveries from this study will be of importance for industrial applications, 
where requirements on property profiles of 5000 series of aluminium alloy materials are ever more 
demanding. Since this study is original, it will broaden the research area and open doors of 
opportunity for innovations and study. 
 
1.9 Justification of the research 
The weld quality of friction stir spot welding (FSSW)is determined by the materials properties, 
tool designing, and welding process parameters. Meanwhile, the proper description of the welding 
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quality, the selection of the control variables, characterizing process condition, and the relationship 
between the control variable and process parameter will be established. The contact between the 
shoulder region of the tool and the workpiece generates significant frictional heat as well as 
preventing plasticized material from being expelled from the weld and the tool. Hence, 
understanding how materials move during different stages of friction stir spot welding is 
practically important and essential to achieve optimized welding parameters and obtain high-
efficiency spot welding lap joints. Materials flow during FSSW been reported in some literature. 
However, much more work is required to better understand the spot-welding process, especially 
on marine aluminium material. 
 
1.10 Delimitation of the research 
This research will focus mainly on the characterizations such as mechanical, structural, 
electrochemical, and metallurgical material properties of friction stir spot welding of the fabricated 
aluminium alloy 5083. The characterization is limited to microstructural examination of the 
fabricated samples, tensile strength analysis, microhardness, structural analysis, corrosion study 
and fractographic examinations of the fractured samples.  Only tools with conical shoulder and 
probe are used in this study. There is no variation in tools geometry. 
 
1.11 Research methodology 
A comprehensive literature study will be conducted to get familiar with the basic properties of 
aluminum alloy 5083-H116 specifically material properties involved in the weld zone such as 
mechanical property, microstructure properties will be observed in the research. 
Meanwhile, the following characterization will be conducted and observed in the research. 
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(a) Microstructure investigation: The knowledge of the microstructure of aluminium alloys 
materials is of great importance. Meanwhile, the following microstructural characterization 
will be analyzed in this study.  
(b) Scanning electron microscopy (SEM) and (EDS).The metallographic investigation will be 
carried out for the base-metal and weldment of the grain size and intermetallic characteristic 
base-metal and weldment specimen will be cut and analyzed using SEM and EDS process.  
The mechanical evaluation will be carried out to characterize and analyze the welded part such as 
tensile test, elongation, microhardness will be performed on the welded and the base metal region. 
The tensile testing will be conducted to measure the strength and ductility of the welded sample to 
the base. Microhardness testing will be conducted to investigate the effect of the presence of 
precipitate on the welded zone compare to the base metal  
 Summary of the research methodology is as follows: 
❖ Extensive literature reviews would be carried on both FSW and FSSW 
❖ Mechanical, Physical, Chemical, Structural and Metallurgical Characterizations  
❖ Optical Microstructural, Macrostructural and Micro-hardness examination. 
❖ Fractography examination 
❖ SEM, EDX, XRF, XRD Analysis 
 
1.12 Scope of the research work 
Commercially available 4 mm thickness, aluminium-based alloy 5083 was employed in this study 
has been specifically designed for marine applications. The fabrication was conducted on the 
similar alloy of 5083 using lap welding of friction stir spot welding technique. The welding 
parameters used in this study were rotational speed of 600 rpm, 900 rpm and 1200 rpm. The dwell 
times were also varied as 5 seconds, 10 seconds, and 15 seconds. The tilt angle used was 2 degrees 
and 0.2 mm plunge depth. There was no travel speed used and no variation of tool profile geometry 
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used in this study. Figure 1.4 summarized the different experimental procedures and 
characterizations methodology employed in the course of this study. 
 
Figure 1. 4: Flowchart of the research work carried out 
 
1.13 Summary and organization of the dissertation 
This dissertation is made up of five chapters and the summary of each chapter has been itemized 
one after the other and how each chapter links with one another have been provided. 
 
CHAPTER ONE:  
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Chapter one gives an insight into the introduction of the friction stir spot welding (FSSW) and the 
aluminium alloy in general. The aim and objectives of the research are covered here, a brief 
explanation of the outcome and expected results, problem statement, the scope of the research, 
hypothetical statement, research experimental layout, research methods, and the summary of the 
chapter are captured at the end of the chapter.  
 
CHAPTER TWO:  
Chapter two details literature on the previous work carried out in the area of friction stir spot 
welding. It gives an overview on aluminium alloys in general and laid emphasis on the AA5083 
used. It gives a brief explanation of different welding processes. It explains tool design geometry 
and processing parameters used in FSSW. 
 
CHAPTER THREE:  
Chapter three presents a list of the various experimental set-up, design, and methodologies engaged 
which include friction stir spot welding methodology, metallographic examination methods, 
mechanical testing methods, an electrochemical method as well as the metallurgical method used 
during the analysis of fabricated samples produced via friction stir spot welding. 
 
CHAPTER FOUR:  
The results and discussions for the experiments conducted are presented in this chapter 
 
CHAPTER FIVE:  
This chapter concludes this research work with a summary, conclusions, and the recommendations 






Among all the manufacturing processes that have been developed over the years such as forming 
process, casting process, material removal process and joining process, welding as a joining 
process has revolutionized various industries such as the transportation industry (automobile, 
marine and aerospace),and it has also gained debut entrance into the  power generation industry 
and petrol chemical industry to mention but a few [10]. Although other joining processes such as 
riveting, brazing and bolts and nuts are used in many fabrication processes, welding process 
remains the most developed and applied to joint due to its many advantages such as weight saving, 
efficiency, additions, and alterations, smooth structures, improved strength, reduced clearance 
required compared to riveting, time-saving, joining complex shapes, durability and reduced 
tension in the members over other joining processes [11]. As a result of this, various welding 
processes have evolved. These include: (a) fusion welding processes which involve heating, 
melting and solidification of the workpiece to obtain the desired joint. Fusion welding process 
comprises welding techniques such as the gas metal arc welding or simply metal inert gas welding, 
GMAW or MIG (here weld joint is achieved by the heat generated by the arc between the welding 
wire and the workpiece), gas tungsten arc welding or simply tungsten inert gas welding, GTAW 
or TIG (weld joint achieved by the heat generated by the arc between the non-consumable tungsten 
electrode and the workpiece) and submerged arc welding which involves the formation of an arc 
between the continuously fed electrode and the workpiece [12-13].  
(b) Solid-state welding processes. In solid-state welding, the workpiece material to be joined is 
heated below its melting temperature. They are preferred over fusion welding processes due to 
their many advantages such as no welding fumes formed, reduced formation of brittle intermetallic 
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compounds, increased weld penetration, improved bead appearance, reduced welding distortion, 
reduced residual stresses, more environmental adaptability, smaller heat-affected zone, better 
mechanical and corrosion properties, high energy density and large scale of production [14-16]. 
Some of these processes include friction stir welding, ultrasonic welding, and resistance welding. 
However, these solid-state welding processes are not without their shortcomings such as increased 
equipment cost, a requirement of a vacuum environment, limited use in joining structures with 
intricate parts, non-suitability for outdoor welding, high demand of workpiece preparation and 
more requirement of technical ability [12,17-18]. 
About five joint configurations as seen in Figure 2.1 are often adopted in the study and application 
of welding process namely, lap joint, butt joint, t-joint, edge joint and corner joint [11]. 
 
Figure 2. 1: Various weld joint configurations [11] 
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The microstructure of a weld has a direct relationship with the overall properties of the final 
workpiece. The problem often encountered in welding of metals is the formation of brittle 
intermetallic compounds in the microstructure. Efforts are always directed towards elimination or 
at least reduction of the thickness of brittle intermetallic compounds which compromise the joint 
integrity of the final weld. Hence, three zones are often identified in a welded structure such as the 
base metal, the heat-affected zone, and the weld zone [19]. This is illustrated in figure 2.2. Most 
often, the heat-affected zone possesses the weakest mechanical properties. This is shown in Figure 
2.3. 
Figure 2. 2: Three identified zones in a welded structure [20] 
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Solid-state welding due to their smaller heat input often possesses the narrowest or no intermetallic 
compounds which give them their superior properties over conventional fusion welding 
techniques. 
 
2.1 Welding of Aluminium Alloy 
Aluminium is denoted with the symbol Al and has an atomic number of 13. It has silvery-white 
colour and generally soft, non-magnetic, and very light in weight. Aluminium alloy is an alloy in 
which aluminium is the major constituent. Alloying elements are added to improve the properties 
of the aluminium. Common alloying elements are magnesium, copper, manganese, silicon, tin, 
and zinc. Aluminium alloy finds application in packaging modules, electronic devices, automobile 
body structures, aerospace airframe, propellant tanks of aerospace vehicles, renewable energy 
Figure 2. 3: The microstructure and temperature of heat affected zone [19] 
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controlling devices, etc. due to its outstanding advantages of high specific strength, better 
processability, corrosion resistance, superior conductivity, recoverability and environmental 
friendliness [21-22].  
The advances made in the manufacturing of composite materials have led to very significant usage 
of composite materials for various structural purposes formally dominated by metallic structures 
due to their various advantages of the relative ease of fabrication, multi-functional performance, 
improved fatigue and damage resistance, low cost, high specific strength and high specific 
modulus, good noise damping property and high corrosion resistance [23]. For example at the 
beginning of 21st century, the two world-leading manufacturers of aircraft, Airbus and Boeing have 
increased the use of composite materials in the fabrication of aircraft components (Airbus and 
Boeing moved from 10 % and 12 %  on A340 and 777 to 53 % and 50 % on A350XWB and 787 
respectively [24]. However, composite materials are not without their shortcomings, which include 
delamination as they constitute of laminates made of the repeated number of layers, labour 
intensive which increases the cost of fabrication, internal cracks which makes damage inspection 
more complex due to the requirement of complicated detection techniques and reduced 
recyclability with exception of biodegradable composites [24-25].  
Aluminium composite materials (ACM) with their several advantages (high strength and low-
density) now compete with aluminium alloys for weight reduction and emission reduction in many 
structural components [26]. Aluminium alloys depending on the possibility of precipitation 
hardening, are classified into heat treatable and non-heat-treatable aluminium alloys. On the other 
hand, based on the major alloying element for wrought aluminium, aluminium alloys are classified 
into series as 1xxx series (greater than 99 % aluminium), 2xxx series (copper as the alloying 
element),  3xxx series (manganese as the alloying element), 4xxx series (silicon as the alloying 
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element), 5xxx series (magnesium as the alloying element), 6xxx series (magnesium and silicon 
as the alloying elements), 7xxx series (zinc as the alloying element), 8xxx series (other elements 
as the alloying elements) and 9xxx series (unused series) [1,18,27] 
Aluminium alloy series 5 has been used extensively in modern life based on the following 
characteristics such as low density, high strength, high ductility, excellent formability, and high 
corrosion resistance. The weldability of aluminium alloy varies depending on the chemical 
composition of the alloy used. The 5XXX series aluminium alloy most especially (5083) alloy 
which we employed in this research contain the following chemical properties: Zr (0.037 %), Ti ( 
0.025 % ), Si  ( 0.195 % ), Fe (  0.18 % ), Cu ( 0.09 %), Mn ( 0.662 %), Mg ( 4.745 %), Cr (  0.111 
%), Zn ( 0.042 %) and the rest contain the pure  Aluminum which has good corrosion. Also, one 
of the disadvantages of aluminium alloy (5083) is it has low strength in its welded joint using 
conventional (fusion) welding methods [5-6, 27, 43-44].   
Based on temper designation (mechanical and thermal treatment) as T1(Cooled from an elevated 
temperature shaping process and naturally aged to a substantially stable condition), T2 (Cooled 
from an elevated temperature shaping process, cold-worked, and naturally aged to a substantially 
stable condition), T3 (Solution heat treated, cold-worked, and naturally aged to a substantially 
stable condition), T4 (Solution heat treated and naturally aged to a substantially stable condition), 
T5 (Cooled from an elevated temperature shaping process and artificially aged), T7 (Solution heat 
treated and overaged or stabilized), T8 (Solution heat treated, cold-worked, and artificially aged), 
T9 (Solution heat treated, artificially aged, and cold-worked) and T10 (Cooled from an elevated 
temperature shaping process, cold-worked, and artificially aged) [27].  
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Fusion welding of aluminium alloy can be problematic as a result of the formation of oxide film 
on its surface, shrinkage upon solidification, high thermal conductivity, high coefficient of thermal 
expansion, susceptibility to hydrogen solubility in the weld pool and large solidification vs 
temperature range [28]. This oxide film always has higher melting temperature and heat 
conductivity which introduces welding defects namely, hot cracking, partial fusion and welding 
porosity [29]. Among different series of aluminium alloys, 2xxx and 7xxx series suffer the problem 
hot cracking and porosity most [24]. Nevertheless, several welding processes as the most 
developed manufacturing process have been deployed in joining of aluminium alloys to harvest 
their several advantages. The subsequent sections of this work would discuss the results of 
aluminium alloys welded materials achieved by various welding processes. The classification of 




2.2 Fusion Welding of Aluminium Alloy 
In fusion welding, the materials to be joined are heated to their melting temperature and joining 
occurs upon solidification [30]. There may or may not be the requirement of filler material. The 
rate of deposition and amount of deposition, weld appearance, properties and performance depend 
on the selected welding parameters [17]. Shielding gas is often required to protect the weld from 
environmental contamination. However, the overall joint integrity is affected by the chemical 
composition of the shielding gas [31]. Argon, nitrogen, carbon dioxide, helium and hydrogen are 
the most obtainable shielding gases. They are either used separately or in a mixture of two or three 
Figure 2. 4: Classification of welding processes 
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of them depending on the workpiece material and what is needed to be achieved [32]–[35]. Fusion 
welding processes are classified as Figure 2.5[36]. 
 
Figure 2. 5: Classification of fusion welding processes, adapted from Debroy and David [36] 
 
Some of these fusion welding processes have been investigated by various works of literature in 
joining aluminium alloys. These are discussed in the subsequent sections. 
2.2.1 Gas metal arc or MIG Welding of Aluminium Alloy 
MIG welding is an arc welding process whereby the heat generated by an electric arc established 
between the welding wire and the workpiece is used in the joining of the materials involved. 
Welding parameters that determine the joint integrity of MIG welded samples are parameters such 
welding speed, current, voltage, type of shielding gas, type of welding wire and the size of the 
welding wire [10]. This welding process has been used in the welding of aluminium alloy. 
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The fatigue crack growth of Al-Zn-Mg (7075-T651) aluminium alloy joint welded by metal inert 
gas welding process and modified electric arc welding process was studied by Alatorre et al. [37]. 
It was observed that the fatigue crack resistance was higher in the joint obtained via a modified 
electric arc welding process. There was also a greater delay in the fatigue crack growth in modified 
electric arc compared to gas metal arc welding technique. However, when the fatigue crack growth 
became stable, the higher crack growth rate was noticed in the joint obtained by modified electric 
arc welding compared to metal arc welding process. 
In a similar study, Ravindra et al. [38], predicted the fatigue life of high strength aluminium alloy 
(AA7075-T6) joined by metal arc welding. A 95 % confidence level was realized in the cruciform 
joint. Welding parameters of current, 140 A, voltage, 22 V, AA5356 welding wire of diameter 1.2 
mm, welding speed, 4 mm/s, gas flow rate, 14 L/min and 99.99 % pure argon were selected. The 
plates were also preheated to about 100 0C. It was observed that fatigue life is dependent on the 
dimension of the cruciform joint. The best fatigue performance was observed with a bigger weld 
size and straight weld profile. 
Mutombo and du Toit [39], examined the corrosion fatigue life of automatic gas metal arc welded 
aluminium alloy with an alloy welding wire (ER5183). There was a significant reduction in the 
fatigue life of the aluminium alloy 6061-T651 welded plate after dipping in 3.5 % sodium chloride 
solution compared to the one observed under atmospheric condition. The reduction was attributed 
to the pits’ nucleation on the precipitates. The fracture occurred at the link between the fusion zone 
and the heat-affected zone.  
Huang et al. [40], successfully joined 6061-T6 aluminium alloy by metal inert gas welding. In their 
study, the effect of bypass currents 40, 50, 60 and 70 A on the dual-bypass metal arc welding was 
investigated. Other welding parameters were kept constant. It was observed that bypass current 
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gas great influence on the mode of the molten metal transfer. Upon increasing the magnitude of 
the bypass current, the mode of the molten metal transfer was transformed from globular transfer 
to spray transfer. This was attributed to the expansion of the angle of the root arc and droplet 
necking formation. The study also realized that the most important factor that influenced the mode 
of metal transfer was the electromagnetic force. 
Apart from the utilization of bypass current to improve the metal inert gas welding, Praveen and 
Yarlagadda [28], reported overcoming challenges often faced in welding aluminium alloy by 
pulsed metal arc welding technique. The result showed that the weld penetration is mostly 
influenced by the peak current, wire size, wire feed rate and welding speed while the mode of the 
metal transfer by the mean current and welding speed. Also, the porosity was mostly determined 
by the wire size while the magnitude of heat input was mostly influenced by the welding speed.  
Huang et al. [41], displayed the feasibility of dissimilar joining of 5052 aluminium alloy to Q235 
galvanized mild steel in lap joint configuration by double electrode (ER4043 and ER5356 
aluminium wires) metal arc welding process. Reliable joint integrity was obtained by the 
optimization of the welding parameters. The welding wire ER4043 showed better wettability and 
hence gave lower thickness of the intermetallic compound. This was attributed to the silicon 
content in the ER4043 aluminium alloy. Upon investigation of the fracture mode of the joints 
obtained, ductile fracture mode was observed with ER4043 welding wire with about 83 % of the 
tensile strength of the aluminium base metal. The fracture of the joint realized with ER5356 
welding was mostly brittle.  
Aluminium alloy (AA5059), a non-heat-treatable aluminium alloy is widely applied in the military 
vehicle due to its high strength and resistance to threatened piercing weapons. Vasu et al. [42], has 
demonstrated the feasibility of joining this alloy by fusion welding processes. The alloy joints were 
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obtained by metal inert gas and tungsten inert gas welding. The joints obtained by the two 
processes were similar although the tensile strength of the joint obtained by tungsten inert gas 
welding process was about 10 % higher than that realized by the metal inert gas welding process. 
The was attributed to the reduced heat input of tungsten inert gas welding process which gave 
more refined and narrower heat-affected zone. The hardness values of the workpieces were lowest 
at the weld zone. Vaporization of volatile magnesium element was also observed. 
Tamasgavabari et al. [43], investigated the effect of vibration of the mechanical and 
microstructural properties of metal inert gas welded AA5083-H321 aluminium alloy. A vibration 
ranging from 400 N to 1000 N was introduced during the welding process to examine their effect. 
Compared to the samples without vibration, there was about 3 % improvement in the tensile 
strength. Also, the percentage elongation increased by 6 %, 9 % and 16.5 % when 400 N, 750 N 
and 1000 N vibration were applied, respectively. There was also a significant reduction in the 
mean grain size of the vibrated samples. However, the hardness values of the samples were not 
affected by the vibration. 
Zhu et al. [44], examined the effect of fluid flow mode in the molten pool on the incomplete fusion 
and porosity defects of metal inert gas welded AA5083 aluminium alloy. It was observed that by 
varying the welding current, three weld bead geometries (convex or flat or concave) can be 
achieved. Insufficient heat input, upward fluid flow and presence of gas film between the molten 
pool and the side wall were identified as the causes of incomplete fusion while the occurrence of 
porosity was attributed to the downward fluid flow of the molten pool near the side wall. 
Su et al. [45], successfully welded aluminium alloy 5052 to galvanized mild steel by the metal 
inert gas welding process. The study investigated the effect of different modes of current on the 
microstructural and mechanical properties. Three intermetallic compounds of iron and aluminium 
26 
 
(Fe2Al5, FeAl3 and Fe3Al) were formed in the microstructure. An average ultimate tensile strength 
of about 201 MPa and 115 MPa were observed when the joints were welded by double pulsed 
alternate-current and direct-current pulsed metal inert gas welding processes, respectively. The 
fracture occurred in the aluminium base metal when the alternate-current mode was used. In the 
sample welded with direct current mode, fracture occurred between the Fe2Al5 and the steel 
interface. The better tensile strength observed with alternate-current mode was attributed to the 
reduced heat input which led to the formation of thinner intermetallic compounds. 
 
2.2.2 TIG Welding of Aluminium Alloy 
In tungsten inert gas welding, a joint is realized by the heat generated by the arc between a non-
consumable tungsten electrode and the workpiece [46].  Although there is a challenge of obtaining 
deep penetration in welding of thick materials with tungsten inert gas welding, its robustness still 
finds application towards obtaining quality joints free of porosity with good weld appearance [47].  
Aluminium alloy 2219 is widely used for building propellant tanks of aircraft. However, welding 
of this grade of aluminium alloy requires high current input with multi-pass when a thick section 
is to be joined. When the current is too high, the corresponding high heat input predisposes the 
joint to various weld defects such as porosity, reduced strength, and cracking. Li et al. [22], 
utilizing special active agent eliminated the problem of porosity often encountered in welding of 
aluminium alloy 2219 with direct current electrode negative mode tungsten inert gas welding. 
Aluminium alloy 2219 joint was also obtained by Zhang et al. [48]. The study investigated the 
effect of weld penetration on the tensile properties of the tungsten inert gas welding. The study 
revealed that tensile strength decreased as the depth of penetration of the capping weld was 
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increased. This phenomenon was attributed to the increased stress concentration as the depth of 
the capping weld increases which introduces cracks. To overcome this challenge, the study 
proposed a reduction of welding current, reduction of helium content, and an increase of the 
welding voltage.  
Chen et al. [49], observed that the shielding gas flow rate affects the arc shape and depth of 
penetration in tungsten inert gas welding of aluminium alloy 5083. Helium was used as the 
shielding gas in the study and its flow rate was varied from 5 L/min to 20 L/min. The result 
revealed that when other welding parameters are held constant, increasing the helium flow rate 
changes the arc shape (the diameter and area are compressed while there is a stretch lengthwise). 
This increases the welding voltage and hence the magnitude of heat input which leads to deeper 
weld penetration. Also, the result showed that there was a tearing down of the oxide film on the 
surface of the aluminium alloy with direct current electrode negative mode. However, this tearing 
down of the oxide film decreased with as the helium gas flow rate was increased. 
The effect of shielding gas on the properties of tungsten inert gas welded aluminium alloy 5083 
was further investigated by Peasura and Watanapa [50]. Argon and helium gas were separately 
used as the shielding gas with flow rates of 6, 10 and 14 L/min. Upon the examination of the 
microstructure and hardness of the welded samples, it was observed that argon shielding gas at 14 
L/min flow rate gave the highest hardness value in the heat-affected zone and the weld zone. On 
the other hand, helium gas increased the heat input which led to grain growth and hence reduction 
in the hardness value of the heat-affected zone and the weld zone. 
Nandagopal and Kailasanathan [51], achieved a dissimilar weld joint of titanium alloy (6Al-4V) 
and aluminium alloy 7075 with tungsten inert gas welding process. Welding current, voltage and 
speed were varied from 80 to 100 A, 14 to 18 V and 60 to 80 mm/min respectively with aluminium 
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AA4047 as the filler wire. The highest tensile strength of 342.20 MPa and Vickers microhardness 
value of 183.10 HV were achieved at welding current, welding speed and arc voltage of 95 A, 60 
mm/min and 17 V, respectively. The result also revealed that welding speed had the most 
significant effect on both the tensile strength and Vickers hardness value followed by the welding 
current and then the arc voltage. 
Zhang et al. [52], investigated the reason for the fluctuation in the mechanical properties of 
tungsten inert gas welded aluminium alloy 2219.  The result identified geometrical and 
microstructural factors to be responsible for the variation in the mechanical properties. The 
microstructural factors identified that compromises the mechanical properties of the welded joint 
include unfriendly eutectic structure; segregation in the fusion zone; and incomplete fusion zone 
which reduces the hardness value. The depth of penetration of capping weld and fluctuation in the 
width of the weld is the geometrical factors that were identified to compromise the mechanical 
properties of the weld joint obtained.  To overcome these defects or inconsistency in the 
mechanical properties of the tungsten inert gas welded aluminium alloy, the study identified proper 
adjustment of the welding parameters and the magnitude of the heat input as effective ways 
towards obtaining quality weld joints with consistent mechanical properties. 
Babu et al. [53], obtained quality weld joint of aluminium alloy 6061 by optimization of the 
welding parameters. The authors observed grain growth in the heat-affected zone and weld zone 
of direct current tungsten inert gas welding process which compromises the tensile strength of the 
joint. A better refinement in the grain size in the weld zone and the heat-affected zone was obtained 
with pulsed current mode tungsten inert gas welding. From Hooke and Jeeves pattern revealed that 
the grain size of the weld zone and the tensile strength of the tungsten inert gas welded joint was 
mostly determined by the peak current and base current. 
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Wang et al. [54], improved the tensile strength of aluminium alloy 2219-T87 used in the fuel tank 
of a launch vehicle by reinforced tungsten inert gas welding process. Better elongation was 
observed when the weld toe was in the fusion zone or the partially melted zone compared to when 
it was in the interface between the fusion zone and the partially melted zone. 
Babu et al.[55], achieved quality weld joint of 5 mm thick aluminium alloy 5059 plates for defence 
application by tungsten inert gas welding technique. The authors stated that the tensile strength 
and microhardness value were mostly determined by the welding speed followed by the welding 
current and then the gas flow rate. The maximum tensile strength and microhardness value of 260 
MPa and 77 HV respectively were obtained at welding current, welding speed, and gas flow rate 
of 110 A, 1.3 mm/s, and 6 gpm (gallons per minute) respectively. 
 
2.2.3 Resistance Spot Welding of Aluminium Alloy 
Integration of aluminium alloy and other materials due to the capability of achieving significant 
weight reduction for structural applications in various industries has attracted exciting research. 
However, due to incompatibility in the thermal and chemical properties of aluminium alloys and 
other metals/alloys, achieving a quality joint integrity remains a challenge. Although other welding 
processes especially solid-state welding processes have been used to achieve dissimilar weld joint 
of aluminium alloy and other materials, they are not without some challenges such high equipment 
cost and need for accurate fixture assembly to mention but a few. Hence, resistance spot welding 
has gained significant academic recognition in similar and dissimilar welding of aluminium alloy 
and/or other materials for large scale industrial applications due to its capability of obtaining 
quality weld joint, high production rate, and high possibility of automation [56]. From this 
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background, the study of resistance spot welding of aluminium alloy becomes very necessary from 
a practical point of view. 
Sun et al. [57], achieved a dissimilar weld joint between 16Mn steel and aluminium alloy 6063-
T6 by optimizing the welding parameters (welding current and welding time of 15 KA and 250 ms 
respectively)  and the electrode force, 3.5 kN of resistance spot welding process. The tensile shear 
load increased from 2534 N to 3623 N with the optimized welding parameter and electrode type. 
However, the ratio of indentation decreased from 28 % to 18 %. The tensile strength of the joint 
was deteriorated by the precipitation of iron-aluminium intermetallic compounds (Fe2Al5 on the 
steel side and Fe4Al13 on the aluminium alloy side). The reduction in the mechanical properties at 
higher heat input was because of increased softening of the heat-affected zone of the aluminium 
alloy, increased thickness of the intermetallic compounds and the formation of shrinkage 
porosities. 
Li et al. [58], improved the microstructural and mechanical properties of resistance spot welded 
aluminium alloy 5052 welded joint by incorporation of an external magnetic field. It was observed 
that the welding time was the most sensitive welding parameter that was affected by the external 
magnetic field. The welding current, on the other hand, had an inverse relationship with the 
external magnetic field. The electrode force was not affected by the external magnetic field. 
Therefore, for a better weld joint with improved appearance, microstructural and mechanical 
properties, low current, and longer welding time is recommended.  
Qiu et al. [59], joined aluminium alloy 5052 and mild steel by resistance spot welding process. 
There was the formation of FeAl3 within the vicinity of the weld and reaction layer which 
comprised Fe2Al5 and FeAl3 on the mild steel side and aluminium side, respectively. Zhang et al. 
[60], obtained the dissimilar joint of aluminium alloy 5052 and pure copper. It was observed that 
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there was a critical heat input beyond which the microstructure of the weld zone changed, and 
failure mode of the joint transformed from ductile pull-out mode to cleavage mode. 
Wu et al. [61], obtained a high load-bearing resistance spot welded joint of aluminium alloy 6111-
T4. Interfacial fracture mode was observed when the tensile test was performed, and the failure 
was consistent with the softening of the nugget zone. The study reminded scholars that the 
softening or lower hardness of the nugget zone is not a sign of the weakness of the resistance spot 
welded joint rather, it is a result of the nature of aluminium unlike for example mild steel whose 
resistance spot welded joint is characterized by martensitic nugget zone which is surrounded by 
softer heat affected zone which in some cases has higher hardness value than the base metal. 
Kang et al. [62], reported General Motors successful dissimilar resistance spot joining of 
aluminium alloy 5754 and Aural2 die casting sheet with a novel multi-ringed electrode in the shape 
of a dome. There was an increase in the nugget size when there was an adhesive prior to welding. 
Florea et al. [63], reported microstructural and fatigue life dependence on the welding parameters 
of resistance spot welded 2 mm thick aluminium alloy 6061-T6 joint. At the optimized welding 
parameters, a good weld was obtained without cracks. 
Zhang et al. [64], obtained a dissimilar resistance spot welded of 6008-T66 aluminium alloy and 
high strength steel with AlSi12 interlayer. The result revealed a reduction in the size of the nugget 
zone when the thickness of the interlayer was increased. There was inhibition of diffusion of atoms 
between the steel and the aluminium due to the presence of silicon in the interlayer. On the other 
hand, as the thickness of the interlayer was increased, there was a corresponding decrease in the 
thickness of the intermetallic compounds and an increase in the maximum tensile shear load. The 
fractography showed a pull-out failure mode. 
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Similarly, several other kinds of research have reported successful spatter free and high strength 
resistance spot welded joints of aluminium alloys such as 6082-T6, 6061, and 5052 [65]–[69]. In 
these studies, the joint's integrity was improved by several techniques such as the use of a newton 
ring electrode instead of a flat electrode, the use of ultrasonic vibration, the use of zinc interlayer, 
drilling of the circular hole before welding and of course, the optimization of welding parameters. 
It was observed that there is a critical nugget diameter beyond which the failure mode is 
transformed from interfacial mode to pull-out mode.  
 
2.2.4 Electron Beam Welding of Aluminium Alloy 
The electron beam welding process is one of the fusion welding processes in which a weld joint is 
established between the specimens by the heat generated by the high-velocity beam of electrons 
upon impact. This type of welding technique is applied in aerospace and defence industries as it 
offers deep penetration and minimal heat input compared to arc welding processes [70]. Although 
several advantages of electron beam welding have been proposed, it is not without some limitations 
such as the need for a vacuum environment, high equipment cost, induced residual stress at high 
temperature, bubble formation [71]–[73]. However, electron beam welding remains relevant in 
manufacturing industries due to some of its advantages. AA 2219 aluminium alloy is the most 
common aluminium alloy that has been welded by an electron beam welding process. The 
subsequent paragraphs would discuss some advances in electron beam welding of aluminium 
alloys. 
Chen et al. [74], obtained a similar weld joint of 2A12 aluminium alloy via a conventional electron 
beam welding process. However, there were observed weld undercut, coarse-grained weld zone, 
and reduced strength. These defects were eliminated by beam scanning during the electron beam 
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welding process. Although the size of the weld zone increased, the grains became more refined, 
the average tensile strength increased, and fatigue life met engineering requirements. The hardness 
value of the welded specimen was not affected by the scanning beam. 
Mastanaiah et al. [70], reported dissimilar electron beam welded porosity free joint of aluminium 
alloys AA2219 and AA5083. The mathematical model developed in the study revealed 
dependence of the mechanical properties on the geometry of the weld bead and softening of the 
heat-affected zone of the AA5083. The softening was brought about by the reduction of the 
dislocation density due to the high heat input. The tensile breaking load of the dissimilar joint 
obtained by the electron beam welding process was slightly higher than the AA5083 base metal 
but lower than the AA2219 base metal. However, in terms of percentage elongation, the reverse 
was the case, AA5083 displayed higher elongation than the joint while the elongation of the 
AA2219 base metal was slightly lower than that of the joint. 
Dovletoglou et al. [75], reported a reduction in the performance of electron beam welded 
aluminium alloy 2024-T3 joint when the joint was exposed to a corrosive environment over a 
certain period. About 70 % of joint efficiency was recorded for the joint that was not corroded. 
Alexopoulos et al. [76], successfully welded precipitation-hardened aluminium alloy 6156 by 
electron beam welding process. The result showed about 50 % improvement in the tensile ductility 
of the welded joint when the specimens were artificially aged before welding. On the other hand, 
post-weld ageing increased the tensile strength to about 75 %. Electron beam welded AA6156 
aluminium alloy sheet due to its damage tolerance property, lightweight, good weldability, and 




Malarvizhi et al. [77], investigated the fatigue behaviour of post-heat-treated electron beam welded 
aluminium alloy 2219 joint. Although the fatigue life of the electron beam welded joint was 
reduced, the number of cycles under cyclic loads was increased to about 35 % after post-weld 
solution and age heat treatment methods were employed. The improvement in fatigue life was 
attributed to the uniform distribution of strengthening precipitated by the post-weld heat treatment. 
Although the previous authors [77], reported a reduction in the fatigue life of electron beam welded 
AA2219 aluminium alloy joint, the study by Rao et al. [78], maintains the preference of electron 
beam welding of AA2219 to arc welding process for enhanced mechanical and corrosion 
properties. A more refined grain structure, finer microporosity, and regular distribution of the 
copper in the matrix were identified to be responsible for the improved mechanical and corrosion 
properties of the electron beam welded AA2219 plate compared to arc welded joint. 
As it has been observed that hydrogen solubility is the major cause of porosity in aluminium alloy 
welded joint, Fujii et al. [72], reported a reduction in the porosity defect of aluminium alloy 2219 
welded by electron beam welding process under microgravity environment. The electron beam 
welding process was compared with tungsten inert gas welding process under the same welding 
condition. It was observed that the number of pores increased when the hydrogen containing 
shielding gas was used. Furthermore, it was observed that bubbles were formed by reaction at a 
high temperature between aluminium atoms and aluminium oxide (Al2O3). 
Bing-gang et al. [79], improved the bead geometry and mechanical properties of electron beam 
welded 5A02 aluminium alloy and steel dissimilar joint without porosity defect with a silver 
interlayer. The failure occurred at the interface between the silver interlayer and the steel. The 
maximum tensile strength of the electron beam welded dissimilar joint was about 88.9 % of the 
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tensile strength of the aluminium alloy base metal at 0.2 mm beam offset. There were precipitation 
intermetallic compounds of silver and aluminium when the beam offset was increased. 
Kumar et al. [80], investigated the effect of beam oscillation on dissimilar electron beam 
aluminium alloy 2219 welded to steel. A 1 mm oscillation diameter was reported from the study 
as the optimum diameter for quality electron beam welded joint. At this diameter, there was a 
significant reduction in the number, size, and content of porosity defect. For the microstructure of 
the weld zone, the oscillating beam brought about little growth in the size of the intermetallic 
compounds, but their rate of formation, peak size and amount were significantly minimized. 
Deterioration in the quality of the joint in terms of pore size, amount of porosity and presence of 
intermetallic compounds were observed when the oscillation diameter was increased from 1 mm 
to 2 mm. Thus, it was concluded that beam oscillation improves the quality of the electron beam 
welded aluminium alloy joint provided that the oscillation does not exceed 1 mm. 
In electron beam welding of Al-Cu-Li alloy, Zhao et al. [81], identified the performance of the 
joint to be greatly dependent on the welding parameters adopted. Among all the welding 
parameters studied, welding speed was identified as the parameter that influences the formation of 
porosity defect the most and then the electron beam mode and electron current, respectively. 
Welding beam speed, electron beam current and electron beam scanning mode of 600 mm/min, 13 
mA and circular mode respectively were identified as the optimum welding parameters. At 
optimum welding parameters, about 68% improvement in the tensile strength compared to the base 




2.2.5 Laser Welding of Aluminium Alloy 
The laser welding process is a type of fusion welding process in which a weld joint is established 
between the workpiece by heat generated by an intense rapid laser (light amplification by 
stimulated emission of radiation) light. Laser welding is more advanced compared to other fusion 
welding processes and riveting due to its several advantages such as material saving, joint integrity, 
deep penetration, reduced width of heat affected zone, time-saving, no need of vacuum 
environment, high energy density, high production rate, precise heat input, reduced thermal 
distortion and low residual stresses [16], [24].  
Various laser welding processes have evolved over the years based on the source of power. Hence, 
they are classified into gas laser (a combination of helium and nitrogen, carbon dioxide, etc), solid 
laser (neodymium-doped yttrium aluminium garnet popularly known as Nd-YAG, fibre laser, etc) 
and diode-pumped lasers [82]. The right selection of laser welding parameters plays a key role in 
determining the performance of the laser-welded joint. A sketch of beam power product versus 





Figure 2. 6: Beam parameter product vs main power for different laser types [24] 
 
 




Several studies have investigated the laser welding of aluminium alloy. Kashaev et al. [24], in their 
review work, has identified the high speed and easy maneuverability of the laser welding process 
as potential advantages for joining of high-strength aluminium alloys used in fuselage structure of 
aircraft.  
Wu et al. [83], reported a laser-welded aluminium alloy 1060 joint with good weld appearance, 
deep penetration, and without porosity defect. The enhancement in the joint quality was attributed 
to the laser focus rotation and vertical oscillation by regulation the molten pool flow and 
solidification. Chen et al. [84], observed the dependence of porosity of laser-welded aluminium 
alloy 2219 joint on the thickness of the remelted kerf and molten pool flow. Four gases were used 
in the study. The result showed a lower porosity defect when air and oxygen were used and higher 
porosity when nitrogen and argon were used. The increase in porosity of the laser-welded joint 
with an increase in the thickness of remelted kerf was attributed to the prevention of gas bubbles 
from escaping due to the transition of molten pool flow from outward flow to inward flow. 
Welding of thick plates can be problematic due to the need for multi weld passes which lead to 
many welding defects. Furthermore, the submerged arc welding process is often preferred over the 
laser welding process in welding plates with thickness above 20 mm. This is due to the requirement 
of ultra-high-power laser in welding thick sections which however compromises the quality of the 
welded joint due to high heat input. Also, above 10 kW laser power, it becomes difficult to obtain 
a quality weld joint under atmospheric condition. With this background knowledge, Wang et al. 
[85], investigated the visibility of laser welding of 130 mm thick 5A06 aluminium alloy under 
subatmospheric condition. A 30-kW laser power was deployed in the study. The result identified 
104 Pa as the critical welding pressure. With the optimal welding parameters at subatmospheric 
condition, a good quality weld was obtained without defects. The joint failed at the base metal 
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under the tensile test and the minimum tensile strength of the joint was about 95 % of the base 
metal. The tensile strength of the joint was even high when the joint was arranged in a lap joint 
configuration. Uniform distribution of the magnesium atom in the weld zone rather than grain size 
was said to be responsible for the improvement in the tensile strength. 
A similar study by Peng et al. [86], also reported 104 Pa as the critical laser welding pressure in 
laser welding of 35 mm thick aluminium alloy 5A06 under subatmospheric condition. The result 
showed that porosity, weld appearance and depth of penetration were significantly improved 
provided that the ambient pressure does not exceed 102 Pa. About 20 % and 8 % respectively were 
observed in the tensile strength and average hardness value of the laser-welded joint below 102 Pa. 
The improvement in the mechanical properties was attributed to the suppression of porosity defect, 
reduced burn out of magnesium which led to more uniform weld microstructure and increased 
number of dislocations. 
Zhu et al. [87], reported strengthening of laser-welded aluminium alloy 2219 joint by the effect 
pulsed electromagnetic loadings. The improvement in the hardness and tensile strength was 
attributed to the increased precipitation of copper atoms and rise in the internal energy. The joint 
performance was further improved by synergistic effects of solid solution-double aging heat 
treatment and the pulsed electromagnetic loadings. The heat treatment led to the suppression of 
eutectic phases which is brittle in nature and growth of dispersive Guinier-Preston (II) zones. 
However, there was observed reduction in the plastic property of the joint by the effect of the heat 
treatment techniques and pulsed electromagnetic loadings due to an increase in the discharge 
energy. Malikov et al. [88], also reported improvement in the mechanical properties of laser-
welded aluminium alloy (Al-Cu-Li system) by combined quenching and artificial ageing post-
weld heat treatment.  
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Liu et al. [89], reported porosity free laser-welded aluminium alloy 7075 joint by the effect of 
sinusoidal beam oscillation. This was due to the control of the weld pool flow manner which 
stabilized the keyhole and increased heated field by the oscillating beam. The study also developed 
a model with a potential of prediction the weld pool flow characteristics which agreed with the 
experimental results. Wang et al. [90], reported similar improvement in the laser-welded 
aluminium alloy 5A06 joint in terms of mechanical properties and porosity by the effect of the 
oscillating beam compared to the weld without beam oscillation. Infinity mode was considered the 
best oscillating beam mode for best joint performance. 
The most recent development in laser welding technology is the double-sided laser beam welding. 
This has been adopted in the welding of aluminium alloys of different series with the improved 
joint performance [91], [92]. Just like in other welding processes, various parameters are such as 
the welding speed, beam angle, keyhole status, etc. are manipulated to improve the quality of the 
double-sided laser beam welded joint. 
2.3 Solid State Welding of Aluminium Alloy 
The ability to weld materials below their melting point makes solid-state welding processes 
preferred over other welding processes in the manufacturing industries. Solid-state welding has 
several advantages over other welding processes. Some of these advantages include reduced width 
of intermetallic compounds, lower heat input, low residual stresses, reduced thermal distortion, 
good weld appearance, refined microstructure, improved mechanical properties, enhanced 
corrosion properties and reduced weld defects [93], [94]. Proper selection of welding parameters 
in solid-state welding is very essential for optimum joint performance [94]. The subsequent 
sections would discuss some of the solid-state welding processes that have been adopted in the 
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welding of aluminium alloy for various applications. Schematic Diagram of the classification of 
solid-state welding types is represented in Figure 2.8.  
 
 
2.3.1 Ultrasonic Welding of Aluminium Alloy 
Ultrasonic welding is one of the solid-state welding processes whereby a weld joint is created 
between the workpiece held together by pressure by high-frequency acoustic vibrations. It is used 
joining of plastics and metals but most especially dissimilar materials due to its several advantages 
of environmental friendliness, high frequency, extremely short welding time and insensitivity to 
the differences in the materials’ thermal, metallurgical and chemical properties [21]. Compared to 
other solid-state welding processes in terms of power consumption, it has been estimated that for 
1000 joints, ultrasonic welding consumes about 0.3 kWh compared to 2 kWh and 20 kWh by 
friction stir welding and resistance spot welding processes respectively [86]. Just like in other 
welding processes, the properties of ultrasonically welded joints are determined by the processing 
Figure 2. 8: Schematic Diagram of the classification of solid-state welding types 
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parameters such as the ultrasonic frequency, power or energy, vibration amplitude, time, and 
clamping force [21]. For instance, the thickness of intermetallic compounds was increased as the 
current was increased in ultrasonic welding aluminium alloy 6061 to pure copper [96]. The 
subsequent paragraphs of this section would discuss some of the ultrasonic welding of aluminium 
alloys in literature. A typical illustration of the ultrasonic welding process is depicted in Figure 
2.9. 
 
Figure 2. 9: Illustration of the ultrasonic welding process [21] 
 
Mohammed et al. [95], achieved a maximum tensile lap shear strength of about 150 MPa in 
ultrasonic welding of 2 mm thick aluminium alloy 5182-H19 at welding energy and impedance 
setting of 4000 J and 2 respectively. Peng et al. [97], obtained about 35 % improvement in the 
tensile lap shear strength of ultrasonically welded aluminium alloy 6022-T43 and magnesium alloy 
ZK100-0 dissimilar joint with copper interlayer at an energy of 1500 J. Compared to the similar 
joint of the aluminium alloy with the same process, the strength level was up to 80 % and 
approximately the same for the magnesium alloy. Plastic deformation, heat generation and friction 
coefficient having been observed to play major role in the integrity of ultrasonic welded joint, Ni 
and Ye [98], improved the friction coefficient of the joint interface between aluminium alloy and 
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copper alloy with Al2219 aluminium alloy particles. With the particles as interlayer, the best joint 
performance was obtained at time and amplitude of 0.45 s and 45 µm respectively. Mirza et al. 
[99], also reported improvement in the microstructure, tensile strength and fatigue life of dissimilar 
joint of aluminium alloy 6061-T6 and high strength low alloy steel achieved by the ultrasonic 
welding process. 
Further research has observed microstructural evolution in a dissimilar joint of aluminium alloy 
6111-T4 and galvanized high strength low alloy steel realized by the ultrasonic welding process. 
The result indicated a high diffusion of zinc which formed a eutectoid phase with aluminium. The 
overflow and solidification of this phase to the edges of the joint due to the high clamping pressure 
during the process further improved the strength of the joint. Although there was precipitation of 
iron-aluminium intermetallic compounds when the welding energy was higher than 1200 J, their 
thickness was very thin and hence did not compromise the strength of the joint. Sound welds with 
no visible intermetallic compounds were observed in ultrasonic welded dissimilar joints between 
two different series of aluminium alloys (AA2139 and AA6111) and titanium alloy Ti6Al4V for 
aerospace applications [100], [101]. The highest tensile shear load and fracture energy obtained in 
the joint of AA2139 and Ti6Al4V were 5.3 kN and 3.7 kN respectively. In the case of AA6111 
and Ti6Al4V joint, the best tensile shear strength was very close to the similar joint of the 





2.3.2 Friction Stir Welding of Aluminium Alloy 
Friction stir welding is a relatively new solid-state welding process developed by The Welding 
Institute (TWI) of the UK in the year 1991. The principle of friction stir welding process involves 
the heating and movement of the material of the workpiece by a special non-consumable rotating 
tool pin and shoulder which is inserted in-between the edges and along the direction of the weld 
as shown in Figure 2.10[102]. Ultrasonic welding just like other welding processes results in 
porosity defect and solidification cracking 2xxx and 7xxx series aluminium alloys. They are often 
classified as unweldable series of aluminium alloys. However, the invention of the friction stir 
welding process has made the welding this set of aluminium alloy widely applied in aircraft 
fuselage structure very attractive [102]. 
 





Several studies have investigated friction stir welding of aluminium alloy of different classes.  
In friction stir welding with butt configuration, the gap tolerance is very important as it affects the 
material flow during welding. Ma et al. [103], in butt friction stir welding of aluminium alloy 
2A14-T6, observed 0.8 mm to be the optimum gap tolerance for optimum performance of the joint 
obtained. Deterioration in terms of the joint efficiency, weld defect and thermomechanical 
characteristics was observed in the joint when the gap width was above 0.8 mm. 
Rajendran et al. [104], achieved a lap shear strength and microhardness of 14.42 kN and 132 HV 
respectively without defects in friction stir welded joint of aluminium alloy 2014-T6 at 2° tool tilt 
angle. Other welding parameters were kept constant while the tool tilt angle was chosen from 1° 
to 4°. Reduction in the lap shear strength was observed when the tool tilt angle was below or above 
2°. This was due to the refinement in the microstructure of the weld zone due to the equally 
distributed strengthening precipitates brought about by balanced material flow at 2° tool tilt angles.  
Sinhmar et al. [105], still with friction stir welding aluminium alloy 2014, reported the necessity 
of good speed combination for improvement in the performance of friction stir welded joint. The 
study observed that the best microhardness, tensile strength, and corrosion resistance properties 
are obtained at low rotational speed and high transverse speed. Hence rotational speed and 
transverse speed of 708 rpm and 931 rpm, and 41mm/min respectively were obtained as the 
optimum speed combination for enhanced mechanical and corrosion resistance properties. 
Vysotskiy et al. [106], reported improvement in the microstructure and hence the tensile property 
of pre-strained friction stir welded aluminium alloy 6061-T6. The study observed that pre-straining 
in all the welding direction can suppress undesirable grain growth which led to the enhancement 
in the performance of the welded joint. Furthermore, Salloomi [107], in the simulation of friction 
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stir welding of aluminium alloy 6061-T6, found out that the heat that performs the welding process 
is gotten from the energy dissipated from the friction of the tool. 
Naik et al. [108], reported tool pin geometry, welding speed, rotational speed and axial force of 
hexagonal shaped, 715 mm/min, 1363 rpm and 8 kN respectively for optimum corrosion resistance 
and hardness of friction stir welded aluminium alloy 2219-T6.  
Chen et al. [109], realized significant improvement in the tensile strength and microhardness value 
of friction stir welded aluminium alloy 2219 assisted by electric current especially on the 
advancing side of the weld zone. The current was varied from 0 A to 600 A. The joint integrity 
increased proportionally with the electric current. The joint realized with conventional friction stir 
welding process upon tensile testing fractured at the interface between the advancing side of the 
nugget zone and the thermomechanically affected region while for the joint obtained from the 
electric-assisted friction stir process, fracture occurred on the retreating side at the nugget zone. 
The service application of 2xxx and 7xxx series of aluminium alloys are often under dynamic load. 
Therefore, studies needed to investigate the dynamic properties of friction stir welded joints of 
these aluminium alloy series. Hence, Guo et al. [110], studied friction stir welded aluminium alloys 
2024-T3 and 7075-T6 under dynamic loading condition. The result showed that the yield stress of 
the heat-affected zone of both joints was higher than that of the thermomechanically affected zone 
and weld zone. Also, the strain rate affected the yield and flow stress of the two different joints. 
Furthermore, at constant welding speed, the ductility of the 2024-T3 alloy increased in direct 
proportion with the rotational speed. On the contrary, change of rotational speed at constant 
welding speed did not affect the ductility of the 7075-T6 alloy. The fractography of the welded 
samples revealed finer dimples and uniformly distributed precipitates at the nugget zone compared 




2.3.3 Friction Stir Spot Welding of Aluminium Alloy 
Although electrical resistance spot welding of aluminium alloy has been proved to give a better 
quality compared to other fusion welding processes as reported from the foregoing sections, there 
remain some challenges in electrical resistance welding such as high affinity to copper which limits 
the service life of the electrode, higher running cost as it requires either cooling water or 
compressed air, the formation of spatter and an increase in the weight of a component by riveting 
process [111-112]. Friction spot welding process as an offshoot of friction stir welding process 
always done in lap joint configuration has the capability of elimination the limitations faced in 
electrical resistance spot welding and other joining processes such as riveting, clinching and toggle 
lock [111], [113]. This welding process was developed by Mazda Motor Corporation and 
Kawasaki Heavy Industry and has gained a lot of interest ever since then by researchers and 
industries [114]. Figures 2.11, 2.12 and 2.13 represent the Set-up of friction stir spot welding 





Figure 2. 11: Friction stir spot set-up [115] 
 
 





 For optimum performance of friction stir spot welded joints, the most significant parameters often 
controlled include the plunge depth, rotational speed, dwell time and plunge rate [111]. Further 
research has also indicated the dependency of the properties of friction stir spot welded joints on 
the tool geometry. Hence, it was observed that for optimum joint quality, the ratio of tool shoulder 
to the thickness of the sheets to be joined should be more than 6.0 [118]. Piccini and Svoboda 
[119], reported improved mixing and forging of aluminium alloy 6063 unto galvanized steel and 
increased weld length by friction stir spot welding with shorter tool pin because of additional 
thermomechanical influence of the tool shoulder. Various studies have investigated friction stir 
spot welding of similar aluminium alloys, dissimilar aluminium alloys and dissimilar aluminium 
alloys and other materials. An increase in the tensile shear strength with an increase in the probe 
length has also been reported [120]. 
The application of composite structure of aluminium alloy and other materials in aerospace, 
marine, automobile and electronics has gained friction stir spot welding a lot of research interest 
[121]. However, welding of aluminium alloy to other materials can be problematic due to 
differences in the thermal, metallurgical, and chemical properties. Nevertheless, friction stir spot 
Figure 2. 13: Schematic diagram depicting the friction stir process [117] 
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welding process has recorded several successful cases with good weld performance. For instance, 
Siddharth et al. [115], in dissimilar joining aluminium alloy 5052 of 1.5 mm thickness and copper 
C27200 of 1.6 mm thickness, developed a process window for friction stir spot welding parameters 
which according to their report can be a reference for future joining of the aluminium alloy and 
the copper used in the study. Rotational speed, plunge depth and dwell time of 1350 rpm, 1.95 mm 
and 13.5 s respectively were the optimized parameters obtained in the study for maximum shear 
fracture load. Mubiayi et al. [117], also in their review reported successful dissimilar friction stir 
spot joint of aluminium alloys and copper. Zhou et al. [121], observed higher tensile strength which 
was related to the microstructure of the weld zone in friction stir spot welded 2 mm thick 
aluminium alloy 1060 and T2 copper. The rotational speed was varied from 1500 to 3000 rpm 
while the shoulder plunge depth and dwell time was kept constant at 0.1 mm and 5 s respectively. 
The improvement in the dissimilar joint was brought about the protrusion of copper hook into the 
aluminium alloy sheet which facilitated mechanical interlocking in the lap joint. 
Aluminium alloy/steel composite is another composite structure that finds significant applications 
especially in shipbuilding, aerospace, high-speed train and automobile industry due to its high 
corrosion resistance, reduced density and improved strength [122]. Chen et al. [123], in their 
attempt to find a solution to the keyhole left behind after conventional friction stir spot welding 
and for weight reduction in the automobile industry, achieved more than 56 % improvement in the 
tensile strength of refilled friction stir spot welding of 1.5 mm thick aluminium alloy 6061-T6 and 
TRIP 780 steel joint. Dong et al. [124], utilizing refilled friction stir spot welding achieved two 
dissimilar joints of 170 PX aluminium alloy and ST06 Z galvanized steel and again Superlite 200 
ST aluminium alloy and  ST06 Z galvanized steel with maximum tensile/shear failure load of 3044 
N and 4500 N respectively. Chen et al. [125], achieved lap friction stir spot welded joint between 
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aluminium alloy 6111-T4 and DC04 automobile steel sheet without intermetallic compound. 
Nugget pulls out mode was observed in during the tensile fracture test. 
Welding of aluminium alloy to magnesium alloy is another manufacturing technique that cannot 
be avoided in aerospace and automobile industries for light-weight application, energy-saving and 
reduction of greenhouse emission [126]. Chowdhury et al. [126], evaluated friction stir spot 
welded joint of aluminium alloy 5754-0 and AZ31B-H24 magnesium alloy. It was observed that 
joint integrity was reduced by the interface layer between the two sheets. Rao et al. [127], realized 
ultimate tensile shear load of 2.5 kN in friction stir spot welded joints of 1.5 mm thick aluminium 
alloy 6022-T4 and 3.1 mm thick AM60B magnesium alloy with enhanced mechanical properties. 
Interfacial hook, the width of the stir zone and the precipitated intermetallic compounds were the 
major determinants of the joint quality. The result showed that the width of the stir zone decreased 
as the tool rotational speed was increased. Ultimate tensile strength of 172.3 MPa was achieved in 
friction stir spot welded joint of 6 mm thick aluminium alloy 6082-T6 and 6 mm thick AZ91 
magnesium alloy [128]. Fractographic study carried out in the study indicated brittle failure mode 
due the intermetallic compounds that were formed.  
Numerous studies have also investigated friction stir spot welded similar aluminium alloy joint for 
various purposes. Li et al. [129], upon increasing the rotational speed from 900 rpm to 1300 rpm 
in refill friction stir spot welding of aluminium alloy 2A12-T4,  observed reduction in the hardness 
value of the stir zone, increase in the dispersion of bonding ligament and increase in the height of 
the nugget hook. These combined advantages gave a better joint performance. Although Kubit et 
al. [130], successfully friction spot welded aluminium alloy 7075-T6, decrease in the maximum 
shear load was observed when polymer adhesive interlayer was introduced in between the two 
sheets in lap joint configuration. This was, as a result, undesirable feature that was introduced in 
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the weld microstructure by the adhesive interlayer. However, the polymer adhesive interlayer 
improved the corrosion resistance of the weld. Not only two sheets of metal can be welded by 
friction stir spot welding, but three sheets of aluminium alloy 6061-T6 were also successfully 
welded by friction stir spot welding with significant refinement in the grain size [131]. 
5xxx series aluminium alloys are class of aluminium alloy in which magnesium is the main 
alloying element. They are used in boat hulls, gangplanks, automobile inner-body and trim panels 
and other structures for marine applications [132-133]. The lower cost 5xxx series aluminium 
alloys have also made them suitable for replacement of more expensive aluminium alloys used in 
aerospace, for example, 6xxx series aluminium alloy. This development has attracted significant 
research interest. Sekhar et al. [111], reported rotational speed, plunge rate, plunge depth and dwell 
time of 900 rpm, 10 mm/min, 3.3 mm and 3 s respectively as the optimum parameter for ultimate 
tensile shear load in friction stir spot welding of aluminium alloy 5052-H38. However, the study 
revealed that the rotational speed had a directly proportional relationship with the ultimate tensile 
shear fracture load below 500 rpm. Furthermore, two failure modes were observed, partial 
peripheral pull out and nugget pull out modes. Also, higher tensile shear fracture load was observed 
in the nugget pull out mode. In dissimilar friction stir spot welding of aluminium alloys 5052 and 
6063, a significant improvement was observed with an increase in the weld penetration depth [116] 
in whichever lap joint arrangement. However, a better joint was obtained when the aluminium 
alloy 5052 sheets was the lower sheet. Further study again, reported friction stir spot welded joint 
of aluminium alloys 5052-H32 and 6061-T6 without visible defects [131]. Again, the magnesium 
dispersion showed that the two materials have disparity in the mixing zone and the higher hardness 
of the thermomechanically affected zone and heat affected zone than the 5052-H32 base metal was 
most likely due to the superior mechanical properties of the 6061-T6 alloy. 
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Still in an attempt to reduce cost and at the same time maintaining a strength within an acceptable 
range, Lin and Chen [134], reported successful friction stir spot welded dissimilar joint of 
aluminium alloys 5052-H32 and 6061-T6. The study observed that the thread position on the 
cylindrically shaped tool pin can influence the material flow during welding and hence the overall 
performance of the joint.  
 
2.4 Summary 
From the foregoing, it is obvious that the welding of aluminium alloy has attracted a lot of research 
interests due to the insatiable appetite for weight and emission reduction for a cleaner environment 
and efficient fuel economy in automobile, aerospace and other industries. This has led researchers 
and manufacturers to go against the tide associated with welding aluminium alloys such as the 
formation of oxide film on its surface, shrinkage upon solidification, high thermal conductivity, 
high coefficient of thermal expansion, susceptibility to hydrogen solubility in the weld pool and 
large solidification vs temperature range. Several welding processes, however, have been used in 
welding of aluminium alloys. Fusion welding processes that involve melting and solidification of 
the workpiece to create a joint, however, are often associated with some welding defects because 
of high heat input. Laser welding remains the only fusion welding process that produce joints with 
comparable properties. Solid-state welding processes that occur below the melting temperature of 
the workpiece have been adopted as a suitable replacement for fusion welding processes. Among 
all the solid-state welding processes, friction stir spot welding stands out especially in welding of 
sheet metals due to its competitive advantages over its solid-state counterparts. This research work 
hence seeks a deeper understanding of the microstructural and mechanical properties of friction 




3.  MATERIALS AND METHODS 
3.1 Introduction 
This chapter documented various methods and their procedure used in carrying out friction stir 
spot welding (FSSW). Various techniques that were employed in characterizing the welded 
samples of aluminium alloy 5083-H116 are explicitly described. The chemical composition of the 
parent material was also documented in this section. The evolving properties via mechanical 
analysis (microhardness and tensile testing), electrochemical analysis (corrosion) as well as 
metallurgical examination via scanning electron microscope (SEM) and optical microscope (OM) 
alongside with their microstructural analysis were well detailed in this section. Brief introductions 
of the techniques used for characterization, equipment used, and the laboratory procedures for 
using the equipment are presented and discussed. 
 
3.2 Parent Material 
A commercially available cold-rolled aluminium alloy 5083-H116 plates were the materials used 
for this study. The plates of AA5083-H116 were procured from Metal Centre, Johannesburg, South 
Africa with a dimension of 600 mm X 300 mm X 4 mm which were later cut into the required 
dimensions (200 mm X 30 mm X 4 mm) with the aid of Bosch professional GDC 120 with tungsten 
carbide circular saw blade as depicted in Figure 3.1 which was located at the friction stir welding 
laboratory, located at the Indian Institute of Technology, IIT, Kharagpur, West Bengal in India. 
The chemical compositions of the procured parent material AA5083-H116 as displayed in Table 
3.1 were determined using optical emission spectrophotometer which was found to conform to the 
material safety data sheet (MSDS) of the supplier and the standard of AA5083-H116  as reported 
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by [43-45,50] and conform to the standard datasheet of AA5083 [145] as presented in Table 3.2. 
It was further revealed from MSDS that the parent material AA5083-H116 contains the following 
properties: ultimate tensile strength of 317 MPa, Shear strength of 109 MPa, tensile yield strength 
of 228 MPa, shear modulus of 26.4 GPa, modulus of elasticity of 70.3 GPa, Vickers hardness of 
96, elongation at break of 16 % and poison’s ratio of 0.33.  
 
Table 3. 1: Chemical composition of AA5083-H116 
Element Mn Cr Fe Mg Cu Zr Ti Si Zn Al 
Wt. % 0.75 0.13 0.08 4.49 0.01 0.07 0.02 0.03 0.01 Balance 
 
Table 3. 2: Chemical composition of the Standard AA5083-H116 
Component Wt(%) 
Al 92.4 – 95.6 
Mn 0.4 – 1 
Cr 0.05 – 0.25 
Fe Max 0.4 
Mg 4 – 4.9 
Cu Max 0.1 
Ti Max 0.15 
Si Max 0.4 
Zn Max 0.25 
Other, each  Max 0.05 







3.3 Friction stir spot welding machine equipment 
A 2T linear numerically control friction stir welding machine that was manufactured by ETA 
technology PVT Ltd, Bangalore, with W.O No: WS0040773 located at Indian Institute of 
Technology (IIT), Kharagpur, West Bengal, India was employed for the spot welds samples. The 
machine can store data during operation in which one will be able to retrieve at any point in time 
whenever the work is completed. Forces along X and Z direction can be recorded with the 
incorporation of a load cell into the machine. The data were stored on the LabView software to 
monitor the activities of the welding in a real-time scenario. The machine tends to vary travel 
speed, rotational speed, tilt angles as well as plunge depth during operation.  
Figure 3. 1: Circular saw blade cutter. 
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The FSW machine has an installed customized programme to control the FSW process which 
provides the interface to input the process parameters required to execute the process. The motion 
of the tool assembly in the X and Z directions, as well as the other parameters, are defined with 
this customized program. FSSW begins with a clean workpiece firmly clamped to the backing 
plate already provided on the FSW machine platform. The FSSW programme is computed by 
inputting parameters after which the tool assembly moves to the welding start position. After the 
spindle starts to rotate, the tool is plunged into the workpiece dwelling for some seconds to achieve 
a sufficiently plasticized state. The tool is then moved along the desired direction with a specified 
combination of rotational and translation speeds but in this case, the tool did not move in a traverse 
direction since the welding is spot welding, there was no traverse movement. The tool is retracted 
from the workpiece after reaching the weld length as defined in the welding programme. Since 
this is a position-controlled welding process, the forces generated during the entire process are 
recorded using the data acquisition system provided on the customized welding programme. The 
spot-welded sheets are then unclamped from the backing plate and prepared for characterizations 
such as microstructural, corrosion, microhardness, and other mechanical tests. The pictograph of 




Figure 3. 2: Friction Stir Welding Machine used for FSSW 
 
3.4 Non-Consumable rotating tool design – AISI H13 steel tool 
The welding tool was made from high strength AISI H13chrominium hot-work tool steel. The 
selection of this material to be used for the welding tool was based on the excellent properties it 
possessed such as a superb combination of fatigue resistance and hot toughness, excellent thermal 
shock resistance, easy to machine, high hardenability, and it can be well tolerated under water 
cooling condition. This material (AISI H13 tool steel) can be used as extrusion dies, inserts, 
pressure dies, hot forging dies, cores, casting tools, plastic mould, hot shear blades as well as 
stamping dies. In this study a cylindrical tapered rotating tool was used with a probe length of 5 
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mm and probe diameter of 6 mm, it has a shoulder diameter of 18 mm which was initially 25 mm 
before machining. Figure 3.3a shows the rotating tool design before use and Figure 3.3b depicted 
the tool after used, the probe was taper at 10°. The probe was responsible for plunging and stirring 
while the shoulder was responsible to generate intense heat that will set the material into plastic 
deformation. The chemical composition of AISI H13 is presented in table 3.3 and the standard 
chemical composition is presented in Table 3.4. The following mechanical properties propelled 
the choice of AISI H13 as welding tool over the other materials: ultimate tensile strength of 1990 
MPa, machinability of 50 %, elongation at break of 9.0 %, the bulk modulus of 160 GPa, yield 
tensile strength of 1650 MPa, poisons ratio of 0.30, shear modulus of 81 GPa and modulus of 
elasticity of 210 GPa. The design of the rotating tool has the following parameters as shown in 
Table 3.5.  
 
Table 3. 3: The AISI H13 steel tool chemical composition 
Element C Si Mo Mn V Cr Fe 
Wt. (%) 0.40 1.00 1.35 0.40 1.00 5.25 Balance 
 
 
Table 3. 4: The standard AISI H13 steel tool chemical composition 
Element Wt(%) 
Chromium, Cr 4.75 – 5.50 
Vanadium, V 0.80 – 1.20 
Molybdenum, Mo 1.10 – 1.75 
Carbon, C 0.32 – 0.45 
Silicon, Si 0.80 – 1.20 
Copper, Cu 0.25 
Phosphorus, P 0.03 
Nickel, Ni 0.3 
Manganese, Mn 0.20 0.50 










3.5 FSSW machine and design tool parameters 
In this present study, the process parameters used were tool design parameters, machine parameters 
as well as material properties as depicted in Figure 3.4. In tool geometrical development, shoulder, 
and pin (probe) design were the areas of concern and in this regard, height, diameter as well as the 
profile of both shoulder and probe were well formulated and designed according to the required 
specifications. The FSSW method comprises a tool shoulder and a cylindrical tool pin which is 
forced against the two sheets resulting in a weld. The shoulder of the tool is accountable for the 
heat produced during the FSSW procedure; the shoulder of the tool also prevents the removal of 
the material. The size of the shoulder and its agitation during FSSW are significant aspects. The 
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pin produces frictional heat, stirs up the heated material and causes the material around it to 
deform. While the pin is turning around, it enters the plates, producing a plastic deformation as the 
plate moves on the line. 
In the same vein, machine parameters were also considered in this experiment. On this note, the 
following machine parameters were considered, tool plunge depth, tool rotational speed as well as 
tool tilt angle. The material (substrate) properties were also considered such as thermal resistance 
of the material, electrical and heat conductivity of the material during the welding process, 
chemical behaviour of the material under loading as well as mechanical integrities were all 
considered during the welding. It is essential to note that the proper selection of parameters is 
cogent. To avoid defects during spot welding processing, several trials were carried out to 
determine the suitable process parameters. It must be noted that a controlled position was 
maintained during FSSW, the tool rotational speed used during the spot welding was in the step of 
300 rpm from 600 rpm to 1200 rpm. There was no tool traverse movement and the dwell times 
were in the step of 5 s varying from 5 s to 15 s while the tool plunge rate was maintained throughout 
the experiment at 30 mm/min. The tool penetration depth (plunge) was noted to be 0.2 mm and 
the tool tilt angle was 2 degrees. The welds were done in position control since the thickness and 
the position of the materials during the welding process were kept constant. The welding program 
of the FSW platform was first completed before welding could take place. This welding program 
includes the setting of the transverse speed, rotational speed, acceleration (plunge rate), dwell time, 
weld length (spot welding), deceleration, x-axis, y-axis, and z-axis. All these parameters help to 
define the integrity and the quality of the spot welds produced on the FSW platform. After 
completing the welding program, the pendant attached to the FSW machine was then used to 
control the movement of the tool during the welding process. After the welding process, the 
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samples were cut using a water-jet machine to prepare them for characterizations. The use of 
waterjet is to avoid induce stress and heat on the materials so that the material will still maintain 
its structural and mechanical integrities. The summary of the machine parameters and tool design 
parameters is as presented in Table 3.5 and this as reported in [5-6, 135]. The tool design variables, 
machine variables as well as materials properties used for the fabricated samples are presented in 
Figure 3.5.  
 







Table 3. 5: Welding parameters used during FSSW 
S/N MACHINE PARAMETER USED VALUE 
1 Plate Dimensions (mm3)  200 X 30 X 4  
2 Spot Welding Configuration Position Controlled 
3 Rotational Speed (rpm) 600, 900 and 1200 
4 Dwell time (s)  5, 10 and 15 
5 Tool Tilt Angle (°) 2 
6 Tool Penetration (Plunge) Depth (mm) 0.2 
7 Plunge Rate (mm/min) 30 
8. Traverse Speed (mm/min) 0 
TOOL DESIGN PARAMETERS USED 
1 Tool Probe Profile (Shape), End Surface tapered 
2 Tool Probe Diameter (mm) 6 
3 Tool Material  H13 Hot-working steel tool 
4 Tool Probe Profile (Shape), Outer Surface  Cylindrical 
5 Tool Shoulder Diameter (mm) 18 








3.6 Metallographic Preparations 
To prepare the fabricated samples for characterizations, the spot-welded samples must undergo 
metallographic preparation and examinations. ASTM standard was taken into cognizance for all 
the samples preparations and standard samples preparation techniques were employed.  
Friction stir spot welded samples were transversely sectioned and mounted using an automated 
StruersCito Press. The press is pneumatic and uses water for cooling of samples. Figure 3.6a shows 
the StruersCito Press mounting machine. ASTM E3-95 was applied for the metallographic analysis 
[144]. After mounting the samples by using mounting resin (Polyfast), which is a conducive and 
perfect resin for micrograph images  as a result of its reduction in carbon  filler and shrinkages for 
conductivity, the samples were then ground and polished using the Struers grinding and polishing 
machine is shown in Figure 3. 6. The consumables used for grinding and polishing of the 
metallographic samples are summarized and presented in Appendix A [136]. 
 
 
Figure 3. 6: (a) Struers Cito mounting Press (b) Grinding and polishing machine 
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For characterization's sake, samples of 22 x 6 x 4 mm3 were sectioned at the spot-welded zone and 
mounted in polyfast thermoplastic resin as shown in Figure 3.7. The samples were then ground 
and polished using a Struers polishing machine (Figure 3.6b) and cleaned with distilled water. The 
samples were mounted, ground and polished with the advancing side (AS) of the weld always to 
the right following the standard metallographic procedures shown in Appendix A [136]. After this, 
samples were chemically etched to reveal their microstructures. The etchant used for aluminium 
alloys is Weck's double etch cycle reagent. The samples were pre-etched for 1 minute using 2 
grams of Sodium Hydroxide (NaOH) and 100 ml distilled water and immediately deepened in less 
than 15 seconds in 4 grams of Potassium Permanganates (KMnO4), 1 gram of NaOH and 100 ml 
of distilled water. A pilot experiment was conducted on the samples by etching using Keller’s 
reagent (190ml distilled H2O, 5ml HNO3, 3ml HCl, and 2ml HF) but the grains structures were not 
visible, hence Weck’s reagent (100ml distilled H2O, 4g KMnO4, 1g NaOH). The etchant attacked 
the grain boundaries and gave a clear image of the size of the grains. The etched samples were 
analysed under the microscope for microstructural characterisation and tested for microhardness. 
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The tensile samples were sectioned from the welded aluminium material using the water-jet cutter 
according to ASTM E8M-13 standard [137] and tested for tensile strength.  
3.7 Microscope 
In this study, both an optical microscope and a scanning electron microscope were employed for 
the characterization of samples. The dimension of the samples used was 22 mm x 6 mm x 4 mm.  
Microstructural examinations were performed to reveal the shape and the grain sizes of the stir 
zone and analyse the effect of the welding process parameters on the microscopy evolution of the 
welded samples using Olympus DP 25 microscope presented in Figure 3.8. The TESCAN 
Scanning Electron Microscope (SEM) equipped with Oxford Instrument) which was incorporated 
with Energy-dispersive X-ray spectroscopy (EDXS) - TESCAN model, type VEGA 3 LMH as 
depicted in Figure 3.9 was used to capture the fracture surfaces as well as analyzing the spot-
welded zones to reveals its grains structure.  
 
 








Figure 3. 9: Scanning Electron Microscopy used for morphology capturing 
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3.8 Corrosion Test 
The electrochemical examination was conducted on the spot-welded samples to test the integrity 
of the samples to corrosion resistance following ASTM-G5-14 and ASTM G1-03  standard test 
methods [138-139, 142]. AutoLab PGSTAT 101 Metrohmpotentiostat/galvanostat Equipment 
with embedded 2.1.2 version of NOVA software (see Figure 3.10) was employed for corrosion 
analysis. The investigations examined potentiodynamic polarization (PDP) and open circuit 
potential (OCP) and the test was conducted at ambient temperature using 35 g of NaCl (Sodium 
Chloride Salt) with I L of distilled water, making it 3.5 % NaClL that is aqueous Sodium Chloride 
solution. The analysis was carried out with AutoLab PGSTAT 101 
Metrohmpotentiostat/galvanostat and this was incorporated with 2.1.2 version of NOVA software. 
As-received and Spot-welded materials were used as working electrodes, whereas the counter-
electrode being graphite rod while potassium chloride electrode (PCE) was the reference electrode 
used in this analysis. In this study, the Anodic potential was (1.5 V), and the Cathodic potential 
was (-1.5 V) and the scan rate of 0.005 V/s was employed. The parent material and the spot-welded 
samples used as working electrodes were differentially soaked in a 3.5 percent NaCl solution 
electrolyte medium for 10 minutes before OCP was registered and thus allowing for the steady-
state potential to be attained and recording of potentiodynamic polarization (PDP)  values 
immediately following after taking OCP values. The following were measured and computed, 
polarization resistance (PR), percentage inhibition performance efficiency (IPE %), corrosion rate 







Figure 3. 10: Corrosion Equipment used 
 
 
3.9 Mechanical Tests 
Tensile shear and microhardness tests were conducted on the welded samples. The outcome of the 
tests provided tangible information about the microhardness profiling of the welded samples, the 
fracture behaviour, joint efficiency and the shear strength of the joints. 
3.9.1 Tensile Testing 
Tensile shear was conducted on the welded samples using Xforce P-type Zwick/Roell Z250 
Tensile tester following ASTM B557M-10 and ASTM E8M-13 standard test methods [137, 143]. 
The fractography of the fracture surfaces was captured using the SEM examination and the results 
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were documented. The schematic illustration of the tensile shear conducted is presented in Figure 
3.11a while the Zwick/Roell Z250 tensile equipment used is presented in Figure 3.11b. 
 
 
3.9.2 Microhardness Indentation 
The microhardness examination was out carried using TH713 digital microhardness equipment 
with diamond indenter following ASTM E92-82 standard test method [140] standard. Figure 3.12 
shows the machine used. Microhardness values help to determine the resistance of the sample to 
plastic deformation, the strength of the sample, and the wear resistance of the sample. A controlled 
test force was employed to indent the samples. The indenter was pressed into the sample by an 
Figure 3. 11: (a) The schematic illustration of the tensile shear (b) Universal Testing Machine (Zwick/Roell Z250) 
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accurately controlled test force. The force of 100 g was maintained for a specific dwell time of 15 
seconds. After the dwell time is completed, the indenter was removed leaving an indent on the 
sample that appears rhombic shaped on the surface. The size of the indent was determined optically 
by measuring the two diagonals of the square indent. Using the size of the indentation obtained, 
the hardness values of the sample were obtained. 
 
 
3.10 X-ray Diffraction (XRD) analysis 
X-ray Diffraction (XRD) analysis was conducted on the parent material and one sample of the 
spot-welded material since there was no reinforcement used, this was done to determine the 
structural integrity, the mineralogical compositions and crystallized phases in the parent material 
Figure 3. 12: Vickers microhardness tester 
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as well as spot welded samples in accordance with the standard method, E112-12 [141]. The 
analysis was carried out using Rigaku Ultima IV Multifunctional X-ray Diffractometer (See Figure 
3.13) manufactured by the Rigaku Int. Corp. Tokyo, Japan. Each sample was run through the 
PW1800 model's Rigaku D / Max-IIIC X-ray diffractometer, developed by the Rigaku 
International Corporation, Tokyo, Japan. The generator configuration was at 40 kV scan excitation 
voltage and 30 mA scan current. The scanning time was 1.0 deg/min (2Ꝋ/seg) with a 0.01-degree 
step width. The scan distance (2Ꝋ) was established between 5.0 – 90.0 degrees having a steady k 
(constant) value of 0.94 and wavelength ƛ at 1.5406 Å.It was generated at a continuous value of 
CuKα radiation using incident split and interferometric counter-detectors and scan mode were 
continuous. To confirm the crystal structure and the mineralogical compositions of the samples 
used, XRD tests were conducted on both the base metal and fabricated spot-welded samples. The 
XRD was obtained with the help of an automatic divergence slice i.e. a sample length irradiated, 
regardless of the angle of Bragg (2θ) in degree. The formation and the distribution of crystallite 
size within the welded zone have been attributed to the following factors, vertical pressure, 
material chemistry, tool geometry, workpiece temperature, as well as significant active cooling. 
Grain development takes place at the end of recovery and recrystallization [158]. The result was 
used to determine crystallite size of the parent material, line broadening ( i.e. Full width at half 
maximum intensity (FWHM)) of the diffraction peak, dislocation density (δ), The distance 
between planes of atoms that give rise to diffraction peaks which are called “d spacing “, micro-
strain (ɛ) using Williamson hall equations. The diffraction data (d value and relative intensity) 





Figure 3. 13: Multifunctional X-ray Diffractometer (XRD)- (Rigaku Ultima IV) 
 
 
3.11  Summary 
The experimental techniques used in this research namely the parameters, equipment, and 
procedures employed were discussed in this chapter. The methodologies used for the 
characterization of the spot-welds were presented in this chapter. The parameters were carefully 
selected based on preliminary investigations and ensured to be optimal. For each process 
parameter, metallurgical evaluations were performed to determine weld quality and the mechanical 
testing was conducted. Mechanical tests included microhardness and tensile strength. X-ray 
Diffractometer (XRD) was also used to examine the structural integrity of the parent material used. 
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The next chapter discusses the results obtained from the characterizations done on the welds. The 
effect of process parameters, such as the rotational speed and the dwell time on the evolving 
microstructures, microhardness and the tensile strength were also established. These relationships 
provide insight into the mechanics of the process and provide a process window of opportunities 
that can be explored further, which would enable manufacturing engineers to develop weld 





4.   RESULTS AND DISCUSSION 
4.1 Introduction 
The previous chapter discusses the methodologies used for the experimentation and 
characterizations of the spot welds produced. This chapter presented the results of the analyses 
generated from the mechanical testing such as a tensile test to determine the shear strength of the 
spot-welded samples and microhardness test to determine the efficacy of the friction stir spot 
welding (FSSW) on the AA5083. This chapter also presents the results from metallurgical 
examinations such as scanning electron microscopes (SEM) and Optical microscopes (OM) for 
morphological and fractographical examination, the result of  X-ray diffraction (XRD) is presented 
for phases identification and to determine crystallite sizes in the welded zones and the parent 
materials. The result of X-ray fluorescence (XRF) has been presented in the previous chapter 
which was used to determine the chemical composition in the parent material. Corrosion analysis 
was carried out on the parent material and the spot-welded materials to determine the extent of 
corrosion inhibition on the welded samples. The comparison analysis was adopted for the process 
parameters used and the best process parameter was established. 
 
4.2  Chemical Analysis 
The chemical compositions of the procured parent material AA5083-H116 as displayed in Table 
4.1 were determined using an optical emission spectrophotometer which was found to conform to 
the material safety data sheet (MSDS) of the supplier and also conform to the standard datasheet 
of AA5083 [145].  The chemical composition of the welding tool, high strength AISI 
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H13chromium hot-work steel tool was determined using X-Ray Fluorescence (XRF) Analyzer 
(Rigaku ZSX Primus II) and the result is presented in table 4.2.  
 
 
Table 4. 1: Chemical composition of parent material used - AA5083-H116 
Element Mn Cr Fe Mg Cu Zr Ti Si Zn Al 
Wt. % 0.75 0.13 0.08 4.49 0.01 0.07 0.02 0.03 0.01 Balance 
 
 
Table 4. 2: The Chemical composition of AISI H13 steel welding tool 
Element C Si Mo Mn V Cr Fe 
Wt. (%) 0.40 1.00 1.35 0.40 1.00 5.25 Balance 
 
The obtained results were compared to the standard composition of and it was noted that they all 
fall within the range of the acceptable standard and they also conform to the material safety data 
sheet (MSDS) of the supplier.  
 
4.3  Process Parameters 
In this study, the major process parameters are of two types, the variables process parameters 
which are rotational speeds of 600 rpm, 900 rpm, and 1200 rpm and dwell time are 5 s, 10 s, and 
15 s, and these were obtained after several trials during preliminary study while the constant 
process parameters are tilt angle of 2 degrees and plunge depth of 0.2 mm. The experimental matrix 
of the spot welds is displayed in table 4.3 that is showing different experimental codes for easy 
identification. This is to establish that each process parameter was run three times to ascertain 
reproducibility and consistency and this was in accordance with the report of Ikumapayi et al [146]. 
During the experiment, each rotational speed was run across each dwell time, such that 600 rpm 
was run for 5 seconds, 10 seconds as well as 15 seconds. Likewise, 900 rpm was tested for 5 
seconds, 10 seconds, and 15 seconds and so also 1200 rpm.  Summarily, it must be noted that a 
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controlled position was maintained during FSSW, the tool rotational speed used during the spot 
welding was in the step of 300 rpm from 600 rpm to 1200 rpm. There was no tool traverse 
movement and the dwell times were in the step of 5 s varying from 5 s to 15 s while the tool plunge 
rate was maintained throughout the experiment at 30 mm/min. The tool penetration depth (plunge) 
was noted to be 0.2 mm and the tool tilt angle was 2 degrees. 
 
 
Table 4. 3: FSSW process parameters show experimental matrix 
 Welding Time (s) 
Rotational Speed (rpm) 5 s 10 s 15 s 
600 S1 S4 S7 
900 S2 S5 S8 




4.4 Visual Appearance of Friction Stir Spot Welds Samples 
 
The physical observation of the friction stir spot welded samples were conducted to examine the 
surface appearance and surface integrity of the welded plates after each processing as depicted in 
Figure 4.1. This is to ensure that there is adequate plunge depth on the lap joint being welded and 
to prevent defects from occurring, such as incomplete penetration, tunnel, cracks, hooks, onion 
rings as well as bonding ligament [147]. The surfaces of all the samples were characterized by the 
presence of smooth semi-circular streaks at the contact surface between the shoulder and the plate 
without any irregularities such as flashes or discontinuity. These smooth streaks and the absence 
of defects show that the tool rotational speeds and dwell times selected for the welds are good 
processing parameters for the material [148]. A macroscopic examination of the friction stir spot 
welded samples are examined in the next section to reveal more information about possible defects 







4.5 Macrostructural Examination 
Prior to the determination of the  selection of the suitable process parameters, during the trial 
process to determine the best welding parameters for the spot welding of aluminium alloy 
AA5083-H116, some welded samples were carried out with some selected parameters, they are 
welding speeds at 400 rpm, 1800 rpm and 2000 rpm. It was noticed that the defects occurred 
because the welding speed is too low, and some selected speeds are too high. The resulting lap 
welded joints were full of defects as revealed by macroscopic examination in figure 4.2.  The 
defects occurred because of wrong or inappropriate selection of welding parameters such as dwell 
time, plunge depth as well as tool rotational speed, and caused by incorrect selection of machine 
parameter such as tilt angle. Another factor that may contribute to these defects may be improper 
clamping of the plates to the machine bed, or perhaps there is no damping tool to absorb vibration 
during the welding process, this can transfer to the workpiece and cause a great defect [149 – 150]. 
Figure 4. 1: Physical appearances of Friction Stir Spot Welds Samples 
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After several trials on the process parameters, suitable range of welding parameters were obtained, 
these are the parameters that gave the defect-free zone after welding, and the surface integrity of 





After suitable welding parameters have been achieved, the macrographic examination results 
revealed that no typical physical defect of FSSW like wormhole, cracks, and void was observed 
on the surface, there were good appearances with continuous surface defect-free, which implies 
that the process parameters used were optimized. In the absence of surface asperities, further 
characterizations were done on all the samples. From this revelation, it can be deduced that tool 
Figure 4. 2: Defects in the spot welds during optimization of welding parameters 
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rotational speed, dwell time, tilt angle, as well as plunge depth, have lots of roles to play in friction 
stir spot welding to achieve defect-free and best surface integrity. In this macrographic 
examination, the morphology of the welded surfaces was taken at the magnification of 5000 µm. 
This spot welding was done on the 4 mm thickness plates of aluminium alloy 5083-H116 which 
was welded by a cylindrical tapered pin tool made of AISI H13 steel tool. As mentioned earlier 
that the dwell time used were 5, 10 and 15 seconds while the tool rotational speed used was 600, 
900 as well as 1200 rpm with constant parameters of a tilt angle of 2 degrees and plunge depth of 
0.2 mm. Figure 4.3 represents the macrograph of the defect-free friction stir spot welded samples 
in which the welding was done at a rotational speed of 600 rpm leading to S1, S4 and S7 
corresponding to dwell time of 5, 10 and 15  seconds respectively. While at the rotational speed of 
900 rpm, it depicted as S2, S5 and S8 which corresponds to 10, 20- and 30-seconds dwell time 
respectively. Whereas, at 1200 rpm tool rotational speed, we have S3, S6 as well as S9 which 
corresponds to 5, 10 and 15 seconds, respectively. After the trials process and suitable parameters 














4.6 Microstructural Examination 
 
In this study, both optical microscope (OM) examination, as well as scanning electron microscope 
(SEM) incorporated with Energy Dispersive X-ray (EDX) analyzer which helps to provide basic 
and quantitative information on elemental and chemical compositions, were employed.  
 
Figure 4. 3: Macrographs of the FSSW showing the top view of the weld zone 
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4.6.1 Optical microscopy (OM)  
Micro Olympus Optical Microscope (OM) analyzer was used to study the friction stir spot welded 
materials at varying rotational speed of 600 rpm, 900 rpm and 1200 rpm using a constant welding 
time of 15 seconds. Due to the friction stir spot welding, lap-process, microstructural changes in 
the stirred zone (SZ), heat affected zone (HAZ), thermomechanically affected zone (TMAZ) as 
well as base metal (BM) that occurred are examined using an optical microscope (OM). This 
section addresses the microstructural evolutions of the spot-welded samples at a magnification of 
50x. The micrograph obtained from the processed zones demonstrate these four zones, BM close 
to the HAZ, HAZ encased mostly by BM and TMAZ, the TMAZ located on both sides of the SZ 
and the SZ. The base metal retains its original microstructural characteristics as expected. On both 
the retreating and advancing sides of the welded, the TMAZ and HAZ were established. Figures 
4.4 with a magnification of 50x display the microstructural analyzes for spot-welded samples 







The grain size in HAZ is obviously different from the base metal with stretched grain boundaries 
as evidence in the work reported in [118, 121,147]. The temperature in the HAZ was adequate to 
enable the growth of grain thermally, though not enough to deform it plastically. Extremely 
deformed grains caused by the severe plastic deformation of the SZ during FSSW are contained in 
TMAZ. Within the SZ the microstructure is distinguished by progressively recrystallized thin-
equiaxed grains, due to the severe deformation of the lap joints of the top and bottom sheets, caused 
by ample agitation during the welding process. The grains of the SZ are finer than the ones found 
in TMAZ and the kernels of HAZ. The pressure mostly during FSSW cycle primarily comes from 
the contact of the tool 's shoulder with the top sheet surface. Furthermore, the heat at the base of 
the SZ can be transferred easily into the underside of the plate. The heat period of the lower SZ is 
therefore comparatively smaller. Due to the higher temperature gradient, the grains in the top SZ 
have more time to grow [115]. The impact of extreme deformation and elevated temperatures 
penetration to the stirred zone has led to the recrystallization, fragmentation as well as grain 
growth, at a rotational speed of 900 rpm with refined textures inside and across the stirred field. 
Due to the applied frictional heat, the HAZ has coarse grains which are usually closer to the weld-
core, with fine lines in grey. As the rotation speed increases at the constant time of dwelling of 15 
Figure 4. 4: Micrographs of spot-welds at 15s, 50x (a) 600 rpm (b) 900 rpm (c) 1200 rpm 
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seconds, then the hardness is increasing too, which is equivalent to the 15 seconds welding time at 
1200rpm. HAZ, therefore, reduces the hardness. However, when increases the rotational speed of 
600rpm, the SZ and TMAZ are conspicuous at 900rpm and only the HAZ can be observed at 
1200rpm. The microstructural variations at a magnification of 50x reveal that as the rotation speed 
increases from 600 rpm to 1200 rpm at a constant time of dwell of15s, the HAZ grows further 
from 600 rpm and then jump to 1200 rpm and the HAZ evolves at 900 rpm much more. Likewise, 
the HAZ advances and the TMAZ grow from 600 rpm, 1200 rpm, then the HAZ progresses even 
more at 900rpm. This implies that 900 rpm is the most suitable process parameter since the best 
results are being obtained there. It is fair to assume that the HAZ is slowly producing coarse grains 
as the rate of rotational speed increases from 600 rpm to 1200 rpm during a constant dwell time of 
15s. It must be noted that dwell time and rotational speed are some of the factors which led to heat 
generation and grains growth during the FSSW process; more heats are used and thus the 
microstructural modes clearly change the integrity of the material [151 -152].  
 
 
4.6.2  SEM-EDX analysis 
 
The scanning of the electron microscope (SEM) and Energy-dispersive x-ray spectroscopy (EDX) 
studies were carried out. The experiment had 12 beam intensities and the used acceleration voltage 
was 20 kV and the working distance varying from 12.73 mm to 14.71 mm with all of the 
micrographs were taken at various rotational speeds of 600 rpm, 900 rpm and 1200 rpm using a 
welding time of 15s. EDX is an analytical method used to analyze a sample fundamentally or 
chemically. This is based on an interaction between a radiation source and a sample. The fact that 
every element has its single atomic structure which makes a special combination of peaks in its 
electromagnetic emit spectrum [104, 112]. The spectroscopy principle largely explains its 
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characteristics. The peak positions are much superior to the empirical precision of a standard EDX 
instrument, predicted by the Moseley theorem. Figure 4.5 displayed the microstructures the base 
metal as well as spot-welded samples. The samples were chemically etched to reveal their 
microstructures. The etchant used for aluminium alloys is Weck's double etch cycle reagent. The 
samples were pre-etched for 1 minute using 2 grams of Sodium Hydroxide (NaOH) and 100 ml 
distilled water and immediately deepened in less than 15 seconds in 4 grams of Potassium 
Permanganates (KMnO4), 1 gram of NaOH and 100 ml of distilled water. A pilot experiment was 
conducted on the samples by etching using Keller’s reagent (190ml distilled H2O, 5ml HNO3, 3ml 
HCL, and 2ml HF) but the grains structures were not visible, hence Weck’s reagent (100ml 
distilled H2O, 4g KMnO4, 1g NaOH). The elemental composition of the base metal AA5083-H116 
was presented in Table 4.1 while the elemental composition including the EDX of the spot-welded 
samples at 600 rpm, 900 rpm and 1200 rpm is depicted in Figure 4.6. It was revealed that elemental 
compositions varied across the process parameters and this may have been caused by the presence 


















Figure 4. 6: EDX and Elemental compositions of spot-welded samples at 15s dwell time 
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4.7 Tensile Shear Strength of AA5083-H116 FSSW lap joints 
 
To determine the strength of the FSSW samples, there are usually two types of tests that can 
confirm the integrity of the welded strength, it can either be tensile shear or cross tension tests. In 
this present study, the tensile shear test was adopted to ascertain strength integrity. Figure 4.7 
depicts tensile shear specimen showing stress mechanism due to shear stress such that Φd 
represents diameter, 𝜏𝑥 represents shear stress, t is for thickness while F is for tension-shear i.e. 
fracture force. Tensile behavious especially tensile shear strength during FSW and FSSW has been 
attributed to influential factors by several authors which are primarily plunge depth and tool 
rotational speed [42, 48, 54, 76, 97, 99, 153-154]. Meanwhile, some researchers argued that only 
tool rotational speed played a key role while dwell time plays no significant role. The results of 
the tensile experiment conducted are displayed in table 4.4. In this study, the tensile shear test was 
performed on the lap joint of the spot-welded samples using Xforce P-type Zwick/Roell Z250 
tensile testing machine (see figure Figure 3.13) following ASTM B557M-10 and ASTM E8M-13 




Table 4.4 shows the results of the tensile test conducted for samples S 1 - S 9.  It was noted that 
three different rotational speed was used with a step of 300 rpm varying from 600 to 1200 rpm. A 
constant plunge depth of 0.2 mm was used throughout the welding process while the tilt angle was 
Figure 4. 7: Joints lap configuration of FSSW specimen for tensile shear test 
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set to 2 degrees. The welding times varying from 5 to 15 seconds with a step of 5 seconds. During 
the tensile testing, some parameters were measured and recorded which are fracture force (FF), 
tensile shear strength (TSS), tensile yield strength (TYS) as well as elongation. The percentage of 
FSSW samples elongation was assessed by measuring the final length of the failed specimens to 
determine sample ductility. The percentage of elongation is set out in equation 4.1 according to 






] 𝑋 100        (4.1) 
 
The standard deviation was also calculated to quantify the variance over all nine samples in the 
observed values. Figure 4.8 provides a graphical representation of the tensile shear stress against 
elongation for all the welded samples. Figure 4.9 also shows detailed tensile behaviour, providing 
a comparative representation of the friction stir spot welded material graph for all spot welds 































S1 0.2 5 600 10.66 296.34 277.00 7.88 
S2 0.2 5 900 12.65 351.62 274.70 11.18 
S3 0.2 5 1200 11.20 311.42 271.70 9.52 
S4 0.2 10 600 10.42 289.68 278.69 7.52 
S5 0.2 10 900 13.02 361.70 266.86 12.61 
S6 0.2 10 1200 11.40 317.70 270.70 9.62 
S7 0.2 15 600 11.05 307.10 273.90 9.68 
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S8 0.2 15 900 13.17 365.84 273.93 16.67 
S9 0.2 15 1200 11.40 318.86 307.79 9.32 
 
From the results in Table 4.4, it was observed that the standard deviations ofthe values in the tensile 
shear strength (TSS) and tensile yield strength (TYS) are in the range of 7-14 and these variations 
are due to different processing parameters adopted. The BM from the manufacturer datasheet had 
a yield strength of ~228 MPa, a UTS of ~317 MPa, and a ductility of 16% at break. It was clear 
that all the FSSW samples show a reduction in tensile and yield strength compared to BM samples 
in some cases expect at S 9 which is 1200 rpm and 15 seconds welding time where TYS was 307 
MPa with an increase of 19 MPa amounting to 6.5 % improvement. There were reductions in the 
elongation percentage varying from 7.52 to 12.61 % from the different welding times used, while 
S8 sample exhibit a little bit higher elongation percentage when compared to BM which is 16.67 
% as against 16 % BM. This shows that the use of processing parameters used in this work does 
not have a significant impact on the ductility of the material.  
It can be inferred from Table 4.4 that fracture forces range from 10.42 to 13.17 kN, tensile shear 
strength, TSS ranges from 289.68 MPa to 365.84 MPa, the elongation also ranges from 7.52 to 
16.67 while tensile yield strength, TYS ranges from 266.86 MPa to 307.79 MPa. It can also be 
deduced from Table 4.4 that at 600 rpm the TSS values are 296.34 MPa, 289.68 MPa, and 307.10 
MPa at 5 sec, 10 sec and 15 sec dwell time, respectively. From this result, 15 secs dwell time seems 
to produce the highest TSS value at this welding parameter of 600 rpm. As depicted in Figure 4.8, 
the elongation varies at this 600 rpm, from 7.88 %, 7.52 %, and 9.68 % and this shows that 15 
seconds welding time produced the highest elongation of 9.68 % which is still lower than the 16 
% of the base material. It was revealed the highest fracture forces, FF was recorded at 900 rpm at 
5 sec, 10 sec as well as 15 seconds which correspond to 12.65, 13.02, and 13.17 kN respectively 
and this produced shear strength, TSS of 351.62 MPa, 361.70 MPa as well as 365.84 MPa 
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respectively. At this point, their tensile yield strength (TYS) generated 274.70 MPa, 266.86 MPa 
and 273.93 MPa with corresponding elongations of 11.18 %, 12.61 % and 16.67 % and this can 
be shown graphically in Figure 4.8.  One can infer from this result that dwells time of 15 seconds 
produced the highest TYS of 273.93 MPa and the highest elongation of 16.67 % which also 
produced the highest fracture force of 13,17 kN with the highest TSS of 365.84 MPa.  In the case 
of 1200 rpm, the TSS recorded are 311.42 MPa, 317.70 MPa, and 318.86 MPa which corresponds 
to 5 sec, 10 sec, and 15 secs welding time. It can be observed that there was a close range in the 
TSS values at 1200 rpm with 1 to 7 MPa variation which still falls within the acceptable standard. 
At this 1200 rpm, the elongation produced was 9.52 %, 9.62 % as well as 9.32 % which also 



































Figure 4.8 shows a comparative assessment of the tensile shear strength results for all the spot-
welded samples at a different rotational speed of 600 to 1200 rpm with varying dwell times of 5 
seconds to 15 seconds. Each of them tested samples is represented by different coding colour. 
From the graph in Figure 4.8, all the samples spot-welded at 900 rpm produced the highest 
elongation and highest tensile shear strength. Similar trends were also noticed when comparing 
the TSS and TYS of the produced samples in Figure 4.9, Samples S2, S5 and S8 produced the 
highest TSS among others, and from this, we can affirm that the best welding parameters are 
Figure 4. 9: Graphical representation of the tensile properties of the spot-welded samples at 5 % error bar 
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achieved at 900 rpm since this produced the highest strength for the fabricated spot-welds. The 
TSS produced at 900 rpm is all higher than the UTS of the BM which is 351.62 MPa, 361.70 MPa, 
and 365.84 MPa as against 317 MPa of the BM and this may be attributed to the efficacy of the 
effective and homogenous stirring of the zones at that parameters. It can also be seen from the 
graph that samples S3 produced TSS values a bit lower than BM which was 311.42 MPa while 
samples S6 and S9 produced almost the same value of TSS with UTS of the BM which is 317.70 
MPa and 318.86 MPa respectively and this occurred at 1200 rpm. It will be noted that the least 
values of the TSS were recorded at 600 rpm. The values of TSS at 600 rpm are 296.34 MPa, 289.68 
MPa, and 307.10 MPa. This slight reduction may be because of improper stirring at the welded 
zone or because of inclusion in the welded zone which may affect the integrity of the welds 
produced [155 – 156]. Unlike the TSS, all the values produced for TYS are higher than the yield 
strength of the base metal (BM) which is ~228 MPa for AA5083.  The TYS produced as seen in 
Figure 4.9 ranges from 266 MPa to 307.79 MPa which leads to an increment of about 16.67 % to 
34.65 % TYS.  
 
 
4.8 Fractographic examination of the fractured tensile samples 
 
A fracture is the fragmentation of an object or material into two or more parts during stressful 
activity. Engineers, therefore, need to elucidate the principles for fractures. There are two 
categories of fractures, the first of it is a brittle fracture that occurs without notice under 
circumstances and may cause significant material harm. A brittle fracture happens without warning 
unexpectedly and catastrophically. It is a product of the spontaneous and quick spreading of cracks. 
The presence of plastic deformation, however, gives notice that failure is inevitable for ductile 
fracture, which allows for preventive steps. The study of fracture mechanics can facilitate a 
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comprehensive understanding of how fracture arises in materials. The second category is the 
ductile fracture, the ductile fracture is a kind of rupture that is accompanied by severe plastic 
deformation or “necking”, generally just before an actual fracture occurs. The term “ductile 
rupture” incorporates a wide range of ductile material faults. In such situations, materials break 
apart rather than crack.  Some parametric attributes affect the fracture mechanism of Aluminum 
alloy during fabrication, such as materials used as well as reinforcement volumes and if the particle 
sizes are in nano-, micro- as well as macrometric form, reinforcement particle distribution, more 
so the matrix and interface property – this may include precipitation influence,  as well as interface 
contact bonding strength. The material failure during fabrication can be attributed to three distinct 
sources, namely an improper stirring, a matrix breakdown, and interfacial decohesion in the second 
phase [19, 110]. The fracture aspect in the tensile test is the location of strain at which the material 
exists separately. At this stage, the pressure reaches its full value and the material eventually 
cracks, although at this point the resulting stress might be smaller than the ultimate force. Ductile 
materials have less fracture resistance than the ultimate tensile resistance (UTS), whereas fracture 
resistance is equal to UTS in brittle materials. In a load-controlled case, if a ductile material 
exceeds its maximum tensile strength, it will continue to bend, with no additional charge 
application, until it splits. Nevertheless, if the load is controlled by displacement, the material 
deformation may relieve the load, thus preventing rupture. Some unique features can be 
differentiated among the stress-strain graphs of different material groups. Useful knowledge on 
the basic role of intrinsic microstructural effects on strength and ductility properties is provided by 
thorough and detailed inspection of the broken surfaces with tensile. At the microscopic scale, a 
thorough examination of fracture surfaces revealed minute differences in overall fracture 
morphology and inherent fracture features. Figure 4.10 represents the fractography of the fracture 
95 
 
surfaces from a tensile test. It was revealed that all the fracture surfaces show ductility behaviours 
through the morphological examination of the rupture surfaces. The fractography shows in samples 
S1 – S9 indicated that most of the broken surfaces are occupied by the transgranular caused by 
dimples, which is consistent with the exceptional interfacial bonding caused by the friction stir 
spot welding [157]. All the fracture surfaces had large networks of dimples that revealed a two-
fold increase in the morphology of the fracture surface that further tells the nature of fracture 
division. A pattern of large dimples on the morphology of the fracture surfaces improved interface 
bonding excellently by the interaction of the welding tools and the lap metal matrix during FSSW 
and this enhancing mechanical property. This ductility pattern of the fracture surfaces was due to 





















4.9 Structural Characteristics:  XRD Analysis 
 
The X-Ray diffractogram was recorded for both as-received material (AA5083-H116) and the 
spot-welded ((AA5083-H116) materials for 600 rpm, 900 rpm, and 1200 rpm at 15 seconds. Table 
4.5 shows the measurement conditions under which the XRD analysis was conducted. The crystal 
structural phases as well as diffraction patterns were obtained as shown in Tables 4.6 – 4.9 for as-
received as well as 600 rpm, 900 rpm, and 1200 rpm respectively.  
 
Table 4. 5: XRD Structural analysis measurement conditions 
Property  Specification 
k 0.94 
X-ray Current  30 mA 
Scan range (2Ꝋ) Between 5 and 90 degrees 
Scan mode  Continues  
X-ray Excitation voltage  40 kV 
Filter  K-beta filter 
Kα radiation ƛ = 1.5406 Å 
Scanning rate  1.0 deg/min (2Ꝋ/seg) 
Step width  0.01 deg 
Incident Slit 2/3 deg 
Kꞵ ƛ=1.39225 Å 



















1 7.70 11.470 51 1.430 77 1.500 58 
2 13.60 6.500 32 0.560 35 1.100 148 
3 37.94 2.369 2609 0.194 595 0.228 452 
4 44.19 2.047 1084 0.205 261 0.241 438 
5 64.56 1.442 300 0.222 80.1 0.270 441 
6 77.68 1.228 661 0.223 189.2 0.286 477 




















1 8.18 10.800 168 2.440 436 2.600 34.0 
2 20.10 4.420 11 2.600 33 2.900 32 
3 38.02 2.365 4534 0.214 1117 0.246 411 
4 44.28 2.044 1711 0.228 453 0.264 393 
5 64.66 1.441 369 0.242 111.4 0.300 406 
6 77.78 1.227 729 0.271 239 0.328 394 



















1 7.91 11.170 67 0.990 70 1.000 84 
2 9.46 9.340 71 1.280 96 1.400 65 
3 13.69 6.460 29 0.850 26 0.900 98 
4 16.48 5.380 15 1.500 24 1.600 57 
5 34.29 2.6127 123 0.122 22.5 0.180 710 
6 38.14 2.357 8574 0.178 1843 0.215 494 
7 44.38 2.039 4366 0.172 955 0.219 520 
8 64.75 1.439 1759 0.166 409 0.233 592 
9 77.87 1.226 2252 0.184 581 0.258 580 
10 82.07 1.173 670 0.191 175 0.262 577 
 
 















1 8.43 10.480 65 1.870 130 2.000 44 
2 13.70 6.460 35 0.850 45 1.300 99 
3 16.54 5.360 26 0.660 24 0.900 127 
4 34.14 2.624 72 0.213 17.7 0.250 407 
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5 38.02 2.365 6777 0.213 1728 0.255 412 
6 44.28 2.044 3448 0.226 957 0.278 396 
7 64.69 1.440 674 0.265 233 0.350 370 
8 77.83 1.226 1305 0.293 491 0.376 364 
9 82.05 1.174 618 0.281 223 0.360 392 
 
 
The structural integrity of the produced weld samples is to be defined in relation to parent 
materials. The mean crystalline sizes can be determined using the reflecion peaks of Bragg for 
produced, as-received materials in relation to the highest peaks. This can further be determined 






          (1) 
 
 
In Equation 2, ƛ = wavelength of x-ray, k= constant, Ꝋ = angle of Bragg (diffraction angle), Cs= 
crystalline size, ꞵ =broadening line (i.e. FWHM - Full width at half maximum intensity of the 
diffraction peak). The interval between the atomic planes leading to diffraction peaks called "d 
spacing" which can be obtained from the peaks of the XRD spectrum and can be calculated using 










Figure 4. 11: XRD Pattern for as-received and friction stir spot welds at 15 s 
 
Figure 4.11 shows XRD spot welding diffractograms of AA5083-H116 specimens for as-received 
and friction stir spot welds at a different rotational speed of 600 rpm, 900 rpm, and 1200 rpm at a 
steady dwell time of 15 seconds. The crystallite sizes, FWHM - Full width at half maximum 
intensity of the diffraction peak, height, intensity values were all obtained from the machine data 
regarding standard data of International Centre for Diffraction Data (ICDD) with basic cross-
reference (ICSD:41447, ICDD:04-008-4821 [41]; ICSD:82134, ICDD:04-003-2900 [160] and 
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they are computed from POWD-12++ [ 160]. Figure 4.11 shows the XRD pattern for as-received 
as well as the fabricated spot-welds.  The most conspicuous peak phases have been identified at 
2Ꝋ with the crystal planes which are (111), (200), (220), (211), and (222). Also, the XRD depicted 
a pattern of Al, Mg, Fe as well as Si characteristic phases which furthermore indicate that the metal 
under investigation is an aluminum alloy 5000 series.  From Table 4.6, it was revealed that seven 
peaks were identified but only five peaks were prominent on the diffractogram which is at 2Ꝋ of 
37.94°, 44.19°, 64.56°, 77.68°, and 81.8° correspond to hkl muller indices planes of  (111), (200), 
(220), (311), and (222) respectively, their corresponding crystallite sizes are in angstrom which 
are 452 Å, 438 Å, 441 Å, 477 Å, and 496 Å.  With the increased rotation rate, XRD diffractograms 
display more intermetallic phases showing the conspicuous formation of Stir Zone (SZ), as it is 
demonstrated that more intermetallic phase AlMg is seen in approximately 37.94° of 2Ꝋ phases, 
which could be related to the formation of an SZ as previously reported in the microstructural 
evolution. In further testing, the AlMg types have more intermetallic phases, as the rotation rate of 
the tool rises from 600rpm to 1200rpm, but at 900 rpm the highest peak was noticed to be Si, which 
may be correlated with the increased HAZ produced by the welding. In this as-received peak, the 
intensity recorded was 2130 cps.  Table 4.7 depicts the values extracted from the peak list of the 
spot-welded AA5083-H116 materials at 600 rpm, 15 seconds. As revealed in the parent material, 
the peaks identified were seven but only five were noticeable at 2Ꝋ degree which are 38.02°, 
44.28°, 64.66°, 77.78° as well as 81.98° with corresponding crystal planes of (111), (200), (220), 
(311), and (222). The crystal size of these peaks is 411 angstroms, 393 Å, 406 Å, 394 Å as well as 
387 angstroms with corresponding FWHM of 0.214°, 0.228°, 0.242°, 0.271°, and 0.284°. At this 
process parameter, the intensity of the peak was 3600 cps which is higher than the base-material 
of 2130 cps. This implies that there was a significant impact of friction stir spot welding of the 
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AA5083 material with about 40.8 % increment in peak intensity at 600 rpm, 15 seconds processing 
parameter. These changes that were seen at the XRD pattern at 600 give rises to more intermetallic 
phases of AlMg form at 38.02 degrees of 2Ꝋ which showed the highest peak. Due to an increase 
in temperature, which could be connected to increasing interactions between the material tools, 
there is an increase in the SZ formation during further processing. In the case of the process 
parameter at 900 rpm, 15 seconds, about 10 peak lists were recorded in Table 4.8 but only five 
were conspicuous in graph 4.11. These noticeable peaks are found at the 2Ꝋ degree with 38.14°, 
44.38°, 64.75°, 77.87° as well as 82.07° and this correspond to 494 Å, 520 Å, 592 Å, 580 Å, and 
577 Å. Their respective crystal planes are located at (111), (200), (220), (311), and (222). In this 
parameter, it was noticed that the peak intensity was 6300 cps which happened to be the highest 
peaks and by implication is the most suitable process parameters. This was also evident in tensile 
and hardness results.  At 900 rpm, the XRD trend can be seen as the intensity got increased to 
highest peaks with about 66.19 % increments with reference to as-received AA5083 material and 
about 42.86 % of the previous 600 rpm parameter used.  At approximately 38.14 degrees which 
indicated the highest peak at 2Ꝋ (deg), the inter-metallic phases were conspicuous but mostly 
AlMg was formed. More intermetallic phases of Si Forms during further processing are increasing 
at constant welding time of 15 seconds, which may contribute to the significant production of SZ 
and TMAZ as shown on the microstructures. As reflected in Table 4.9, the produced peak lists 
were nine but only five were pronounced on the graph 4.11 which are situated at 2Ꝋ degree and 
are 38.02°, 44.28°, 64.69°, 77.83° as well as 82.05° with corresponding crystallite sizes of 412 Å, 
396 Å, 370 Å, 364 Å, and 392 Å.  The peak intensity at 1200 rpm, 15 s dwell time was found to 
be 5400 cps. This was lower than the peak intensity recorded at 900 rpm which was 6300 cps. This 
further confirms that the best of the process was obtained at 900 rpm. At 1200 rpm, the XRD 
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pattern shows a few gradual shifts which were close to that of 900 rpm. It was noticed that at the 
highest peak intensity was obtained at 38.02° of two Theta (deg) phases.  At this 1200 rpm, 15 





4.10 Electrochemical Analysis of as-received and friction stir spot welded samples 
 
Corrosion study was carried out on AA5083-H116 for both as-received material as well as 
fabricated friction stir spot welding materials with a dimension of 22 mm x 10 mm x 6 mm. The 
corrosion analysis for as-received material was examined to serve as a control experiment. To 
avoid any foreign material and in compliance with the ASTM G1-03 and ASTM-G5-14 standards 
[147-148, 161], the surface of each sample was treated with grade 1000 and 1200 grit of silicon 
carbide emery papers and then rinsed in adequate distilled water. A 3.5 percent NaCl corrosive 
medium was prepared, and this was done by weighing 35 g of sodium chloride salt (NaCl).  3.5 
percent sodium chloride (NaCl) was prepared and diluted in one liter of distilled water with active 
and strong stirring until the total dissolution of NaCl solution is achieved. The electrolyte 
temperature was held at room temperature during preparation. The electrochemical test for both 
obtained and spot-welded materials on aluminum alloy AA5083-H116 has been tested. 
Investigations aimed to examine open circuit potential (OCP) as well as potentiodynamic 
polarization (PDP), using the 3-electrode links which are reference electrode (RE), working 
electrode (WE), as well as a counter electrode (CE). OCP refers to the potential produced between 
the working and the reference electrodes in the electrochemical system for the cathodic and anodic 
reactions. The OCP demonstrates the behavior or dignity of the substance in a certain electrolyte, 
even though it does not offer details regarding electrochemical kinetics. The experiment on each 
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corrosion sample was performed three times more to ensure reproducibility. The values for 
polarization potential (Ecorr), as well as current density (jcorr), have been derived from the Tafel 
curves. The preceding indices were determined and reported, corrosion current density (𝑗𝑐𝑜𝑟𝑟), 
polarization resistance (PR), corrosion potential(𝐸𝑐𝑜𝑟𝑟), as well as the corrosion rate (CR). In each 
setting, the corrosion rate of the metal is the speed at which the metal degrades. The metal as well 
as the environment used to depend on it. The corrosion risk calculation helps to determine the 
material's life span. Material selection can be achieved using this. The size of the grains in the 
sample in any substance influences the sample's corrosion rate.  The studies show that finer grains 
were found to increase the material stress hardening and thus facilitate the development of a 
passive layer, thus reducing the material's corrosion risk. The corrosion loss only happens slowly 
and over time. Notwithstanding, coarse grains also promote the formation of a less passive film 
that increases the levels of corrosion and thus ensure that corrosion failure occurs very quickly 


























As-received 392 -0.96954 4.5518 43.23 -1328 
S1 (600 rpm, 5s) 126 -0.97839 1.4606 106.78 -1318.6 
S2  (900 rpm, 5s) 59.3 -1.04279 0.4774 417.28 -1293.4 
S3  (1200 rpm, 5s) 123 -0.98389 1.4284 108.42 -1325.1 
S4  (600 rpm, 10s) 41.1 -0.99884 0.6886 182.78 -1282.5 
S5  (900 rpm, 10s) 157 -1.03180 0.6686 191.06 -1424.0 
S6  (1200 rpm, 10s) 76.515 -0.97565 0.8899 112.14 -1282.3 
S7  (600 rpm, 15s) 70.9 -0.99520 0.8241 178.14 -1450.2 
S8  (900 rpm, 15s) 7.55 -1.00922 0.0876 2240.70 -1392.8 
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S9  (1200 rpm, 15s) 57.541 -1.05530 1.8290 57.22 -1321.6 
 
 
Table 4.10 presents the results acquired from the corrosion test. The test examined as-received 
material which was not welded, and the friction stir spot welded materials at different processing 
parameters. At 600 rpm, which are S1, S4 and S7 with welding time of 5s, 10s and 15s respectively, 
it was noticed that the corrosion rate at this process parameters was 1.4606 mm/year, 0.6886 
mm/year and 0.8241 mm/year with corresponding polarization resistance of 106.78 Ω, 182.78 Ω 
and 178.14 Ω. It was also noticed that the corrosion rate at this 600 rpm is far lower than the parent 
material (as-received) with 4.5518 mm/year and polarization resistance of 43.23 Ω. By 
implication, the as-received has the least polarization resistance and the highest corrosion rate. 
This shows that material welded at the lower process parameter of 600 rpm has better corrosion 
properties as compared with the unwelded sample.  
At 900 rpm with welding time of 5s, 10s, and 15s, the corrosion rate recorded was 0.4774 mm/year, 
0.6686 mm/year, and 0.0876 mm/year respectively with corresponding polarization resistance of 
417.28 Ω, 191.06 Ω and 2240.70 Ω. It was revealed that this process parameter has the most 
effective effects on welded materials. The lowest corrosion rate was recorded at S8 with 900 rpm, 
15 s which produced the highest polarization resistance of 2240.70 Ω. At this process parameter, 
the open circuit potential (OCP) was confirmed at -1.04279 V, -1.03180 V, and -1.00922 V as 
reflected in Figure 4.12. OCP potential for welded samples which served as inhibited samples at 
900 rpm for welding times of 5s, 10s, and 15s at first 5s of the exposure time was measured to be 
in the -1.056 and -1.066V range and this shifted to more negative values in the -1,009 V and -




The Tafel plots of the as-received material as well as the spot-welded materials can be seen in 
Figure 4.13. The parent material in the Figure reveals an unstable plot of tafel with a more anodic 
reaction. A more cathodic reaction was seen with spot-welded at a rotational speed of 900rpm with 
a welding time of 10 seconds and 15 seconds and this attribute is suggesting that more cathodic 
protection should be used. Nonetheless, the spot-welded Tafel plot with a rotational speed of 1200 
rpm for 5s to 15 seconds shows a more stable plot than those in 600 rpm with a cathodic reaction 
suggesting that greater cathodic protection is required. As an anodic reaction is shown to corrode 
a material, the rate of the rotational speed increases from 600 rpm to 900 rpm, and thus high 
corrodability is observed and this is consistent with the research stated in the report[39, 75, 105, 
108]. 
 
At the process rate of 1200 rpm with a welding time of 5 to 15 seconds, the corrosion rates were 
obtained at 1.4284 mm/year with 108.42 Ω polarization resistance at 5s dwell time. It was 
measured to be 0.8899 mm/year at 10 s and the corresponding polarization resistance was 112.14 
Ω while at 15 s dwell time, the corrosion rate was 1.8290 mm/year and its polarization resistance 
was 57.22 Ω.  It was noticed that at 1200 rpm, 15 s, the corrosion properties seem to be ineffective, 
as this is directly next to as-received material in values. The spot-welded materials at a 600 rpm 
and 15 seconds dwell time showed that most cathodic reactions with this spot-welded occurred, 
which suggested the use of cathodic coverage [138-139]. The spot-welded with a rotational speed 
of 900 rpm and 15 seconds showed more anodic reactions, but a deviation of 900 rpm, 10 seconds 
can be seen in the Tafel plot in Figure 4.13, suggesting why the corrosion rate was a bit high with 
0.6686 mm/year as against 0.0876 mm/year at 15 seconds. At 1200pm, further cathodic reactions 
107 
 
begin to stabilize the sample and at this process parameters the OCP recorded are-0.98389 V, -
















4.11 Vickers hardness values for friction stir spot welding of AA5083-H116 
 
The hardness values for the parent material and the spot-welded materials were obtained through 
Hv scale test equipment from Vickers Hardness. For the parent material of 4 mm AA 5083-H116 
material, the average hardness values obtained by the Vickers hardness testing system was 98 Hv 
for a typical 4 mm AA 5083-H116 material which is the standard Vicker hardness for as-received 
AA5083. It must be established that among several other attributes, hardness is one of the 
mechanical characteristics that enables a material to withstand plastic deformation, penetration, as 
well as scratching [147, 161]. It also helps to determine if the material treatment is sufficient for 
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the intended reason [156-158]. Figure 4.14 shows the hardness profile of the spot-welds generated 
by FSSW. The study investigated SZ, HAZ, TMAZ, and BM for each sample at both advancing 
side (AS) and retreating side (RS) which is at the left and right direction of the FSSW joint.  The 
highest hardness was obtained at the SZ of the welded area. It was noticed that the highest hardness 
values were obtained at the rotational speed of 900 rpm with average hardness values at the SZ at 
5s, 10s, and 15s to be 112.36 Hv, 112.12 Hv, and 112.62 Hv respectively. It was also noticed that 
at 600 rpm, the average Vickers hardness values at SZ are 108.32 Hv, 107.66 Hv, and 106.80 Hv 
which corresponds to 5s, 10s, and 15s respectively. The hardness values at this process parameter, 
600 rpm were higher than those obtained at SZ of 1200 rpm which are 104.54 Hv, 105.22 Hv, and 
105.34 Hv which were obtained at 5s, 10s and 15s welding time, respectively. The average 
hardness values at different zones are presented in Table 4.11 and Figure 4.15. Overall, it was 
established that BM possessed the lowest hardness values in this study while SZ has the highest 
values, followed by TMAZ and then HAZ in all the spot-welds experimented and this agreed with 
the works reported in [10, 108, 152].  
 
Table 4. 11: Average Vickers hardness values at different zones of the spot-welds 
 BM (Hv) HAZ (Hv) TMAZ (Hv) SZ (Hv) 
S1 (600 rpm, 5s) 98.52 100.36 104.31 108.32 
S2  (900 rpm, 5s) 99.33 102.2 108.01 112.36 
S3  (1200 rpm, 5s) 98.92 100.36 102.43 104.54 
S4  (600 rpm, 10s) 98.52 100.24 103.21 107.66 
S5  (900 rpm, 10s) 99.27 101.57 106.91 112.12 
S6  (1200 rpm, 10s) 98.63 100.15 102.41 105.22 
S7  (600 rpm, 15s) 98.73 99.70 102.58 106.80 
S8  (900 rpm, 15s) 99.13 101.97 106.95 112.62 









Figure 4. 15: Plot of average Vickers hardness values at different zones of the spot-welds 





Different characteristics were carried out on the spot-welds and the results were presented and 
discussed in this chapter. The visual, macro and micro inspections indicate high consistency of the 
surface without defects when the suitable process parameters have been obtained and additional 
characteristics on all of the welds were conducted such as mechanical testing (microhardness and 
tensile testing), corrosion analysis, structural analysis (XRD examination) and metallurgical 
examinations ( OM, SEM, EDX, XRF, XRD, etc). There was a strong and visible trend, and thus 
the results obtained and discussed were cited in the chapter. In the next chapter for this research 




5. CONCLUSIONS AND FUTURE WORK 
5.1 Introduction 
 
Within this study, detailed research on characterizing friction stir spot welding of aluminium alloy 
has been documented with a critical analysis of available literature. Various tests were conducted 
on the welded samples to achieve this study's set aim and objectives. The goal of the present 
research was to friction stir spot weld of two similar aluminium alloy lap-sheets and to evaluate 
the evolving properties such as microstructure, electrochemical behavior, and possible mechanical 
properties such as microhardness and tensile behaviors produced from it. The study further 
analyzed the electrochemical behaviour of the produced spot welds samples. Metallurgical 
analysis of the fabricated samples was investigated using an optical microscope (OM) and 
Scanning electron microscope (SEM) to analyze microstructure, fractographic examination, and 
macrograph of the spot welds, X-ray diffraction (XRD) was employed to evaluate the crystallite 
size and phases present in the parent and the welded samples. X-ray fluorescence (XRF) is a non-
destructive analytical method used in determining the materials' chemical and elemental 
composition. The chemistry of the material is calculated by XRF analyzers. Also, the 
recommendations will be issued here for further investigations.  
 
5.2 Conclusions 
This research work was conducted with the objectives of studying the evolution of materials 
properties in AA5083-H116 via friction stir spot welding of two similar lap joints by critically 
examining the mechanical, structural, electrochemical, and metallurgical properties to correlate 
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the microstructural homogeneity. In this study a cylindrical tapered rotating H13 Hot-working 
steel tool was used with a probe length of 5 mm and probe diameter of 6 mm, it has a shoulder 
diameter of 18 mm which was initially 25 mm before machining. To avoid defects during spot 
welding processing, several trials were carried out to determine the best process parameters. It 
must be noted that a controlled position was maintained during FSSW, the tool rotational speed 
used during the spot welding was in the step of 300 rpm from 600 rpm to 1200 rpm. There was no 
tool traverse movement and the dwell times were in the step of 5 s varying from 5 s to 15 s while 
the tool plunge rate was maintained although the experiment at 30 mm/min. The tool penetration 
depth (plunge) was noted to be 0.2 mm and the tool tilt angle was 2 degrees. The following 
conclusions may be drawn from the experimental reports, results, and discussions documented. 
Below is a list of the findings from this report. 
1. The microstructural development and resulting grain sizes depend heavily on processing 
parameters such as rotational speed, dwell time as well as thermal cycle.   
2. The maximum hardness occurred at the stir zone, followed by TMAZ and then HAZ while 
the minimum hardness occurred at the BM for all spot-welded samples. It was noted that 
AS exhibited higher hardness distribution compared to RS.  
3. The best process parameter where the highest tensile strength, hardness as well as lower 
corrosion rate occurred at 900 rpm.  
4. During spot-welding operations, the EDS study verified that there was no formation of 
intermetallic compounds. EDS revealed various elemental compositions that are present in 
AA5083-H116. 
5.  Different zones of the friction stir spot welding, lap-process, such as stirred zone (SZ), 
heat affected zone (HAZ), thermomechanically affected zone (TMAZ) as well as base 
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metal (BM) were revealed using in microstructural changes as examined by Optical 
Microscope. This revealed different grain sizes in different zones. Extremely deformed 
grains caused by the severe plastic deformation of the SZ made it to have the highest and 
finest grain sizes while the BM possessed coarse grains.  
6. The maximum fracture force and tensile shear strength occurred at a rotational speed of 
900 rpm for all dwell time while the least values occurred at 600 rpm. 
7. The fractography of the fracture surfaces from a tensile shear test revealed that all the 
fracture surfaces show ductility behaviours through the morphological examination of the 
rupture surfaces. This ductility pattern of the fracture surfaces was due to considerable and 
significant plastic deformation which was caused by enormous load. The ductile fracture 
is a kind of rupture that is accompanied by severe plastic deformation or “necking”, 
generally just before an actual fracture occurs. 
8. At 600 rpm, 15s dwell time, the intensity of the peak was 3600 cps which is higher than 
the as-received material of 2130 cps. This implies that there was a significant impact of 
friction stir spot welding of the AA5083 material with about 40.8 % increment in peak 
intensity at 600 rpm, 15 seconds processing parameter. The peak intensity at 1200 rpm, 15 
s dwell time was found to be 5400 cps. This was lower than the peak intensity recorded at 
900 rpm which was 6300 cps. This further confirms that the best of the process was 
obtained at 900 rpm.  
9. It was further revealed that the lowest corrosion rate was established at 900 rpm, 15s which 
was 0.0876 mm/year followed by at 5s which was 0.4774 mm/year and then 10s at 0.6686 
mm/year with corresponding polarization resistance of 2240.70 Ω, 417.28 Ω and 191.06 
Ω. The lowest corrosion rate was recorded at 1200 rpm, 15 s at 1.8290 mm/year with 57.22 
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Ω polarization resistance which is far higher than as-received material with 4.5518 
mm/year corrosion rate and 43.23 Ω polarization resistance.  
The possible relation between involved microstructure and the material characteristics of the spot-
welds in AA5058-H116 was studied. It was concluded that the newly fabricated aluminium metal 
matrix via friction stir spot welding had excellent mechanical, electrochemical, and metallurgical 
properties and could be used in applications under harsh conditions, especially in marine, 
aerospace, automotive and constructions industries. 
 
5.3 Future Works 
It is important to note that this research work has focused on improving the mechanical, 
electrochemical, metallographic, and structural properties of the aluminium alloy 5083 for marine 
applications. However, in this present research, some properties have not been identified since 
they are outside of the scope of this study. Therefore, these properties are recommended for further 
research studies. Several guidelines are set out below for future work and further research studies: 
1. It would be useful to research the temperature and heat input, and their effect on material 
grain sizes. Following each process parameter, further studies on thermal treatment should 
also be considered during the spot-welding process.  
2. A thermocouple, an infrared thermometer, and other advanced measuring instruments 
should be used to investigate the influence of cooling/heating (in-situ and ex-situ) during 
FSSW process to properly verify and confirm the results achieved. 
3. Post-heat treatment can be performed to increase the weld performance quality, and 
different grain sizes can also be considered. 
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4. In a further study, different material thickness, tool pin geometry, different shape shoulder 
diameter, tilt angles, and varying plunge depths should be considered, and a comparative 
analysis could be carried out to optimize the process. 
5. Modeling the heat produced during friction stir spot welding should be investigated using 
both mathematical and numerical simulation to understand the effect of temperature 
distribution and heat flow on the particles, as well as the distributed internal stresses and 
the processes of deformation. 
6. Some of the metallographic characteristics not captured in this study could be further 
explored, for example, using the Fourier Transformed Infrared Spectroscopy (FTIR), 
RAMAN Spectroscopy, Atomic-Force Microscope (AFM), Transmission-electron 
microscopy ( TEM), and Electron-Backscatter Diffraction Analysis (EBSD).  
7. The optimization of the process-parameters by using a design of the experiment (DOE) for 
residual stresses; and the static-mechanical behaviour should be incorporated in further 
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A. Metallographic Procedure Employed in Grinding and Polishing of AA6061-T6 
Samples 
Table A 1: Grinding procedure  










Suspension Water Water Water Water 
Rpm 300 300 300 300 
Force (N) 25 25 25 25 
Time 
(min) 
Until plane 0.5 0.5 0.5 
 
 
Table A 2: Polishing procedure 
Step Diamond Polishing Final Polishing 
Surface MD-Mol OP-Chem 
Suspension DiaPro Mol R OP-S 
Rpm 150 150 
Force (N) 25 15 











3ml HCl, 5ml HNO3, 2ml HF,                190ml 
Distilled H2O           10 - 30 
Weck's 





B. Hardness Values of the FSSW of AA5083-H116  





 Zones S1 S2 S3 S4 S5 S6 S7 S8 S9 
 RS BM  Hardness (Hv)   
1 98.0 98.6 98.9 98.5 99.0 98.3 98.7 98.9 98.7 
2 98.5 99.4 99.0 98.6 99.3 98.7 98.8 99.2 98.9 
3 99.0 99.5 99.3 98.9 99.7 98.9 98.9 99.5 99.2 
4 HAZ 99.2 99.8 99.7 99.0 99.9 99.0 98.9 99.6 99.7 
5 99.3 100.0 99.9 99.1 100.2 99.6 99.2 100.5 99.8 
6 99.5 100.2 100.1 99.7 100.3 99.9 99.5 100.7 100.0 
7 100.5 100.4 100.4 99.9 100.5 100.3 99.7 100.9 100.2 
8 100.9 100.7 100.6 100.2 101.0 100.5 99.9 101.2 100.4 
9 101.5 102.9 100.7 100.5 102.0 100.7 100.1 103.0 100.9 
10 101.7 104.3 100.9 100.7 103.0 100.9 100.5 103.9 101.0 
11 101.9 105.0 101.1 100.9 104.7 101.9 101.0 103.9 101.6 
12 TMAZ 102.0 105.9 101.3 102.2 105.6 102.1 101.9 104.0 101.8 
13 103.0 106.5 101.4 102.6 105.7 102.4 102.5 105.6 102.0 
14 103.5 106.9 101.7 102.7 106.0 102.5 102.6 105.9 102.4 
15 104.9 107.7 101.9 102.9 106.3 102.8 102.7 106.5 102.7 
16 105.0 108.6 102.1 104.0 107.0 103.1 103.0 106.9 103.5 
17 105.5 109.4 102.5 104.2 108.3 103.3 103.5 107.5 103.6 
18 105.9 109.9 102.7 104.7 109.9 103.5 103.8 108.6 103.9 
19 SZ 108.0 111.2 104.1 107.7 111.0 104.9 106.9 112.4 104.0 
20 108.7 112.6 104.5 107.8 112.3 105.1 106.8 112.7 105.5 
21 108.0 112.9 104.7 107.9 112.5 105.6 106.9 112.7 105.9 
22 AS SZ 108.9 112.9 104.8 107.9 112.8 105.5 106.8 112.8 105.8 
23 108.0 112.2 104.6 107.0 112.0 105.0 106.6 112.5 105.5 
24 TMAZ 106.9 110.9 104.0 105.0 108.9 103.7 104.0 108.7 104.1 
25 106.7 109.9 103.7 104.2 107.9 102.4 102.9 108.5 103.9 
26 105.9 108.7 103.5 103.0 106.8 102.2 102.7 108.0 103.7 
27 104.0 107.8 103.1 102.9 106.7 101.9 101.9 107.6 103.3 
28 103.0 106.9 102.3 102.7 106.5 101.7 101.8 107.0 102.9 
29 102.2 106.6 102.0 102.0 105.6 101.3 101.4 106.9 102.5 
30 101.9 106.5 101.9 101.8 105.6 100.9 101.3 105.6 102.0 
31 HAZ 101.0 105.9 101.3 101.5 104.7 100.7 100.2 104.9 101.4 
32 100.9 105.5 100.9 101.0 103.0 100.4 99.9 103.9 101.3 
33 100.7 104.7 100.8 100.9 102.7 100.3 99.8 103.6 101.1 
34 100.5 103.6 100.5 100.7 101.3 100.1 99.7 102.7 101.0 
35 99.9 101.0 100.3 100.5 100.9 99.9 99.5 101.9 100.9 
36 99.7 100.8 99.9 100.3 100.7 99.8 99.2 100.5 100.7 
37 99.5 100.5 99.6 100.0 100.3 99.5 99.2 100.3 99.9 
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38 99.0 99.9 99.1 98.9 99.9 98.9 98.9 100.0 99.0 
39 BM 98.9 99.8 98.9 98.5 99.5 98.8 98.7 99.4 98.7 
40 98.5 99.7 98.8 98.3 99.2 98.7 98.7 99.3 98.6 
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